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ABSTRACT 

Recent evidence suggests heat acclimation (HA) may improve exercise 

performance under cooler conditions and that combined-stressor approaches 

might optimise HA. Accordingly, the studies presented in this thesis examined 

strategies for optimising HA in well-trained athletes through the use of 

combined-stressor approaches and the subsequent effects on exercise in a 

temperate environment (cross-stressor).   

The first two studies examined the effect of dehydration in combination with 

exercise-heat stress on HA over the short- and longer-term and its subsequent 

decay, as well as investigating thermoregulation, parameters related to 

endurance performance and performance, in temperate conditions. Study three 

examined the addition of an overnight hypoxic stressor on short- and longer-

term HA and endurance exercise performance in a temperate environment, 

after HA and following a 2-week decay. The final study comprehensively 

explored the ergogenic potential of heat acclimation for endurance performance 

in a temperate environment, relative to a cool exercise control group. 

Together these studies demonstrated that the majority of the alterations 

associated with HA are rapidly induced (5-days) but longer programmes (10-

days) are necessary to optimise these adaptations; they are well maintained 

over a short decay period (7-days). Combined stressor approaches (addition of 

dehydration or hypoxia) did not meaningfully affect the rate or magnitude of the 

induction of HA. Finally, HA did not induce any greater ergogenic benefit than a 

cool exertion matched exercise programme in a temperate environment.  

In conclusion, HA is rapidly induced, robust, and the HA phenotype is minimally 

influenced by combined stressors (dehydration or hypoxia) when thermal strain 

is clamped. Moreover, when compared to an ecologically valid control, HA does 

not notably influence endurance performance or its related parameters in a 

temperate environment. These extensive findings provide useful guidance for 

athletes utilising environmental stressors in preparation for competition in 

various conditions.    
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1 INTRODUCTION 

 Statement of the problem 1.1

It has long been apparent that the Earth’s environment can place stress on the 

human body, and without the ability to regulate our body’s internal environment 

within a narrow range we would not survive. In the face of hot, cold or hypoxic 

stressors, homeostasis can be maintained through thermoregulation, behavioural 

and technological factors. However, often in extreme environments simple 

regulation alone is insufficient. Additional adaptive biological mechanisms have 

developed to reduce the level of stress experienced by the body from the 

environment i.e. the strain. Together, these capabilities have allowed the human 

race to migrate and survive all over the world and tolerate several ‘extreme’ 

stressors. The general process by which this occurs can be described as such: 

responses to the internal environments challenged by stressors accommodate 

acute responses, such as altered cardiovascular function, fluid balance and 

sudomotor and vasomotor responses, which support homeostatic regulation i.e. 

maintain blood volumes, pressures and mean body temperature. Adaptation 

occurs when homeostasis of the internal environment is repeatedly perturbed by a 

stressor and physiological overload above the ‘adaptation threshold’ ensues; 

general characteristics of the time course of adaptation are described in Adolph 

(1964). Adaptation results in morphological, chemical, functional and genetic 

changes that reduce physiological strain and improve tolerance when 

subsequently exposed to that stressor (Adolph, 1947; Bligh, 1973).  

 Research background 1.2

Beyond survival of the population, this issue is relevant to many groups; often 

environmental stress can heavily influence occupational or sporting situations as 

well as provide a serious threat to a person’s health. Real-world evidence for the 

detrimental effect of heat stress exists in the elite sporting population; not only is 

performance impaired (Hargreaves, 2008; Racinais et al., 2014; Tatterson et al., 

2000), but the consequences have ranged from missing out on international 
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medals (e.g. Alistair Brownlee, ITU world series Triathlon, London 2011 and more 

recently, Jonny Brownlee in Mexico, 2016), to fatalities attributed to heat 

exhaustion (e.g. Fran Crippen, United Arab Emirates FINA open water 10 km 

swim). The performance impairments are often magnified in elite athletes since 

they are capable of exercising at high work rates and thus produce large amounts 

of metabolic heat; moreover, they may override behavioural adjustments to 

compete with other athletes.  

Successful exercise performance is an important factor for community cohesion 

and development as well as the promotion of a healthy lifestyle. The 2012 

Summer Olympics generated £41 billion and there are now an additional 1.5 

million people participating in sport in the UK (London 2012 Games meta-

evaluation report, UK Government). To support the Olympic athletes who inspire 

others across many different sporting events, research should investigate novel 

tools to improve performance. Moreover, evidence could also prove useful to 

other, clinical or occupational, sectors. Historically (e.g. Los Angeles Summer 

Olympics, 1984; Chicago Marathon, 2001; Hawaii Ironman) and in the future (e.g. 

Tokyo Summer Olympics, 2020; Qatar FIFA World Cup, 2022) major sporting 

competitions take place in potentially thermally stressful environments, making 

optimal preparation for such environments paramount. Additionally, the English 

Institute of Sport (EIS) sought to understand how physiological adaptation to 

stressors such as heat, hypoxia and dehydration, alone and in combination with 

one another, could aid exercise performance in less stressful environments. The 

intention is that the evidence generated as a part of this thesis will be used to 

provide a guidance tool for athletes and practitioners seeking to improve 

endurance exercise and team-based game performance.  

 General aim 1.3

The work in this thesis aimed to apply contemporary knowledge, study design and 

measurement techniques to establish the influence of combined-stressor 

approaches on the rate and magnitude of adaptations to heat and subsequent 

temperate exercise performance, to inform guidelines for sports practitioners. This 

process is described in detail in the following Chapters, as outlined below.   
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 Summary of individual Chapters 1.4

Chapter 2 provides a review of the literature to date, first outlining the adaptive 

responses to heat before considering the effect of additional stressors, such as 

dehydration and hypoxia, on the rate, magnitude and decay of human heat 

adaptation and subsequent exercise performance in cooler conditions.  

Chapter 3 details the general methods applied throughout this series of studies 

and provides information on the equipment, calibration and procedures utilised. 

Specific methods are described in each experimental chapter.  

Chapter 4 reports the examination of the effect of short-term heat acclimation with 

dehydration on thermoregulation and temperate exercise performance in trained 

athletes.  

Chapter 5 describes the investigation of the effect of dehydration on the induction 

and decay of longer-term heat acclimation and exercise in a temperate 

environment.  

Chapter 6 assesses the effect of hypoxic stress on short- and long-term heat 

acclimation and its subsequent effect on temperate exercise performance. 

Chapter 7 reports the examination of the ergogenic effect of heat acclimation 

relative to an ecologically valid cool control group, in trained men. 

Chapter 8 discusses the key findings, potential mechanisms, limitations and 

delimitations of this series of studies as well as identifying possible future direction 

for this research topic.  

The work in this thesis was completed by Rebecca Neal, inclusive of study 

conception and design (in conjunction with her supervisors). All data collection 

was performed by Rebecca with the assistance of student volunteers, technicians 

and supervisors. Biochemical analyses were performed by Rebecca with guidance 

from Dr John Young. Data analysis and writing were completed by Rebecca Neal 

with guidance from her supervisors.   
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2 REVIEW OF THE LITERATURE 

 Overview  2.1

This review of the literature assesses the influence of repeated exercise-heat 

stress, alone and in combination with other stressors including dehydration and 

hypoxia, on biological adaptations during rest and exercise in hot and temperate 

environments, as well as the subsequent effect on temperate endurance exercise 

performance, in athletes. It begins by reviewing the typical responses describing 

adaptation to heat in relation to the type and duration of programme and the time-

course of adaptation as well as the mechanisms underpinning these adaptations. 

The notion that adaptation to heat could provide an ergogenic aid to athletes 

competing in a less thermally stressful environment is explored, and the 

mechanisms supporting these claims are discussed alongside opposing evidence. 

These concepts are then expanded to discuss the influence of additional stressors 

on the adaptive response and their associated practical relevance for competitive 

athletes. It is concluded by recommending a course of action to further elucidate 

these topics and provide valuable support to athletes and practitioners.   

The peer reviewed publications included in this review were sought using 

electronic databases including: MEDLINE, PubMed, Ovid, Google Scholar and 

Research Gate, from their respective inception through to September 2016. The 

search strategy included the following keywords: ‘acclimation’, ‘acclimatization’, 

‘adaptation’, ‘altitude’, ‘combined’, ‘controlled hyperthermia’, ‘cool*’, ‘cross-

adaptation’, ‘decay’, ‘dehydration’, ‘endurance’, ‘ergogenic’, ‘fluid’, ‘heat’, ‘hot’, 

‘hydration’, ‘hypoxia’, ‘isotherm*’, ‘long-term’, ‘mechanisms’, ‘performance’, ‘short-

term’, ‘strain’, ‘stress*’, ‘temperate’, ‘thermoregulation’, ‘train*’, ‘tolerance’. Articles 

chosen from the selection generated by the key word search were required to 

include data on humans, or animals in some cases, involve several of the outcome 

measures described below, have measures of variables which describe adaptation 

to heat and/or altitude such as core temperature, heart rate and sweat rate, 

haematological parameters, and oxygen use, and included both reviews and 

original articles. Studies reviewed in the latter portion of the review were examined 
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for the inclusion of certain relevant outcome measures including physiological and 

performance parameters such as time trials, time to exhaustion, maximal oxygen 

uptake/aerobic power, power output, lactate threshold, cardiac output, and 

evidence of acclimation/acclimatisation. 

 Exercise in the heat 2.2

A relationship exists between ambient temperature and aerobic exercise 

performance, whereby performance slows exponentially as temperature increases 

(Ely et al., 2007; Ely et al., 2008) above an optimum level of ~10°C (Galloway & 

Maughan, 1997). This continuum is influenced by the balance between heat gain 

and heat loss through parameters such as exercise mode, work rate, clothing, and 

environmental factors such as temperature, humidity, wind and solar radiation. 

The conceptual heat balance equation (Bligh & Johnson, 1973; Kerslake, 1972) 

describes the avenues for the maintenance of a constant internal temperature 

through dynamic equilibrium: 

Ṁ – W = E ̇+ Ṙ + C ̇+ K̇ + Ṡ 

Where,  

Ṁ = metabolic rate of the body (W·m-2) 

W = external mechanical work of the body (W·m-2) 

E ̇= rate of  evaporation (W·m-2) 

Ṙ = rate of  radiation (W·m-2) 

C ̇= rate of  convection (W·m-2) 

K̇ = rate of conduction (W·m-2) 

Ṡ = rate of heat storage (W·m-2), = 0 when body is in heat balance i.e. constant 

temperature.  

Originally, Nielsen (1938) described the prescriptive zone as the range of external 

temperatures over which the deep body temperature can be stabilised during 

steady state exercise; it is believed to be dependent upon metabolic rate and 

independent of ambient (Tamb) and skin temperature (Tsk) (Wynham et al., 1952; 

Nielsen & Nielsen, 1962; Stolwijk et al., 1968). Lind (1963) extended the work on 

the prescriptive zone by using the corrected effective temperature (CET) (which 
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reflects the air temperature, radiant heat load, water vapour pressure and air 

movement, Kerslake, 1972) as an index of external heat stress in an attempt to 

quantify the ambient conditions in which thermal equilibrium is a function of the 

metabolic rate and independent of the environment. The broader thermoregulatory 

zone describes the range of ambient temperatures across which physiological 

thermoregulation is possible (Werner et al., 2008), disregarding behavioural 

characteristics. The prescriptive zone forms a portion of the thermoregulatory 

zone, where Tre increases relative to the metabolic rate, independent to a wide 

range of ambient temperatures (Lind, 1963a Figure 2.1). However, 

thermoregulation (through heat loss mechanisms, such as increased sweating and 

skin blood flow) is also possible when ambient temperatures are elevated affecting 

Tsk and impacting heat loss mechanisms; although a steady state Tre may still be 

achieved (following a lag), but at a higher level (Figure 2.1- right of arrows) i.e. 

beyond the prescriptive zone.   

 

Figure 2.1. Equilibrium rectal temperatures demonstrated in a subject exercising at energy 
expenditures of 180 (filled circles), 300 (open circles) and 420 (triangles) kcal·h

-1
 in a wide 

range of environmental conditions. Taken from Lind (1963a). ↓ indicate upper limit of 

prescriptive zone.    

Diminished aerobic exercise performance in environments with a large thermal 

burden likely result from a combination of mechanisms related to increases in 
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temperature on the central (Nybo, 2010; Périard et al., 2014) and peripheral 

(Périard et al., 2014) nervous systems and skeletal muscle (Todd et al., 2005), as 

well as to competition for blood between the heat loss requirements of the skin 

and the working muscles (Rowell, 1974) which results in increased cardiovascular 

strain.    

 Heat acclimation  2.3

Despite the acute performance impairment with exercise in the heat (Mohr et al., 

2012; McCann & Adams, 1997; Sawka et al., 1985), it is well documented that 

repeated exposure to heat stress results in adaptation to better tolerate that 

stressor (Nielsen et al., 1993; Sawka et al., 2011; Taylor, 2014). Heat Acclimation 

(HA), refers to morphological, chemical, functional and genetic adaptations elicited 

to a repeated specific environmental stressor which repeatedly perturbs 

homeostasis. In this case the stressor is an elevated Tamb sufficient to induce 

elevations in Tc, Tsk and the sweating response. In response, HA enhances the 

tolerance to that stressor (Sawka et al., 2011b) and reduces physiological strain 

(Adolph, 1947; Bligh, 1973). Heat stress can be quantified from measures of 

external work and climatic variables whereas heat strain refers to the change in 

the physiological responses. HA can be achieved through repeated exposure to 

heat stress in an artificial (‘acclimation’) or natural (‘acclimatisation’) environment 

(Armstrong & Maresh, 1991) and can begin to manifest after a single exposure 

(Lind & Bass, 1962), although the time-course varies depending on the effector 

(Armstrong & Maresh, 1991; Périard et al., 2015) and type of HA. Adaptive 

responses involve functional alterations to the cardiovascular (Wyndham et al., 

1976), sudomotor (Nielsen et al., 1993), vasomotor (Chen et al., 2013; Roberts et 

al., 1977) and thermoregulatory (Sawka et al., 1996) systems of the body and are 

displayed in Figure 2.2 and discussed subsequently.  

 
 
 
 
 
 
 
 



Chapter 2: Literature Review 

8 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

2.3.1 Body temperature  

One of the hallmarks of HA is a reduction of core temperature (Tc) often 

represented by rectal temperature (Tre) which can change by 0.3°C to 0.4°C (Fox 

et al., 1967a; Patterson et al., 2004b), although the mechanism for this is 

uncertain. A concept often referred to in thermal physiology is the ‘set-point’ 

(Hammel et al., 1963; Hensel, 1973) for Tc which describes the maintenance of a 

constant thermal environment through thermal receptors in the core and skin 

sending information to a central integrator, located in the preoptic anterior 

hypothalamus (Boulant, 1996), which signals the effector organs to respond, e.g. 

sweating and skin vasodilation in response to thermal stress. Following HA this 

‘set-point’ is displaced meaning the effector responses occur earlier, at a lower Tc, 

and these are described in detail in the following sections. This displacement 

Figure 2.2. An integrated overview of the homeostatic mechanisms and physiological 
responses accompanying hot thermal challenges. The five regulated variables must be tightly 
controlled for optimal physiological function. The primary sensors respond to changes in the 
regulated variables (bottom arrows) providing feedback to the central nervous structures that 
integrate and evaluate this information, and then modulate the function of the effector organs 
allowing the variables to be modified to sustain a relatively constant state of dynamic 
equilibrium in the heat.  Taken from Taylor (2014) 
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broadens the prescriptive zone (Lind, 1963a) and allows for greater heat loss early 

on and has the potential to improve thermal comfort and aid performance (which 

will be discussed below). HA is the most effective factor in extending the 

prescriptive zone to a higher CET, ~+2°C in acclimatised males, (Lind, 1970) but 

likely depends on metabolic rate (Kuhlemeier et al., 1977; Wyndham et al., 1965). 

Other models for temperature regulation exist and the ‘set-point’ theory has been 

largely rejected since it is the balance between heat loss and heat gain pathways 

which will bring about a stable body temperature (Romanovsky, 2004; Kanosue & 

Crawshaw, 2010); such a physical rather than physiological approach, with a 

unvarying reference signal and the preoptic anterior hypothalamus acting as a 

‘thermostat’, is unsuitable for human thermoregulation. The ‘reciprocal cross 

inhibition’ theory (Bligh, 1984; 1998; Boulant, 1981) along with experimental 

observations (Mekjavic & Eiken, 2006) suggests that ‘reciprocal cross inhibition’ 

takes place between the pathways for sensors- the thermoafferent signals from 

thermoreceptors and the preoptic anterior hypothalamus- and the effectors for 

heat loss/gain, and that these pathways overlap and mutually inhibit each other to 

regulate the overall heat storage.      

Both Tc and Tsk are altered following HA, with mean skin temperature (T̅sk) being 

reduced, however, Tc changes have a greater effect (~nine-fold) on heat loss 

responses than Tsk changes (Nadel et al., 1971; Sawka et al., 1996; Wenger et al., 

1975). Recently, additional ideas regarding how Tc changes following HA have 

been suggested; Romanovsky (2007) proposed that temperature dependent 

phase transitions in thermosensory neurons trigger independent thermoeffector 

loops. The mechanisms behind the change in Tsk following HA are better 

understood and are based on the sudomotor and vasomotor responses. For 

instance, the increased sensitivity and capacity of the sweating response following 

HA (Wyndham, 1967) permits the body to dissipate more heat earlier during 

exercise which reduces T̅sk. Despite a reduced initial body temperature, terminal 

body temperature is not necessarily reduced since heat exchange rates are 

proportional to temperature gradients rather than tissue temperature itself. Often, 

muscle temperatures converge to a common end point and Tc increments are 

faster following pre-cooling so HA will not necessarily alter this, although it is 
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dependent on the capacity for heat loss and HA is a regulated reduction in body 

temperature whereas pre-cooling is not (passive). Table 2.1 gives an overview of 

the adaptive responses to HA that are discussed in the following sections. 

 

Table 2.1. Physiological adaptations and functional consequences associated with the heat 
acclimation phenotype that lead to improved thermal comfort and submaximal aerobic 
performance, and increased maximal aerobic capacity. (Taken from Périard et al., 2015 and 
originally adapted from Sawka et al., 2000; 2011).  

Adaptation Consequence 

Core temperature Reduced 
Sweating Improved  
 Onset threshold- decreased  
 Rate- increased  
 Sensitivity- increased  
Skin temperature Reduced 
Cutaneous blood flow Improved 
 Onset threshold- decreased  
 Sensitivity- increased  
 Rate (tropical)- increased  
Fluid balance Improved  
 Thirst- improved  
 Electrolyte losses- reduced  
 Total body water- increased  
 Plasma volume- increased  
Cardiovascular stability Improved  
 Heart rate- lowered  
 Stroke volume- increased  
 Cardiac output- better sustained  
 Blood pressure- better defended  
 Myocardial compliance- increased  
 Myocardial efficiency- increased  
 Cardioprotection- improved  
Skeletal muscle metabolism Improved  
 Muscle glycogen- spared  
 Lactate threshold- increased  
 Muscle and plasma lactate- lowered  
 Muscle force production- increased  
Whole-body metabolic rate Lowered  
Acquired thermal tolerance Increased  
 Heat shock protein expression- increased  
 Cytoprotection- improved   

2.3.2 Sweating 

The altered sweating response to exercise in the heat was first noted by Bean & 

Eichna (1943) and subsequently described by Wyndham (1967) who noted three 

separate adjustments: 1) reduced threshold for sweating onset; 2) increased 

sensitivity of the sweat response to Tc; 3) an elevated capacity to sweat, and; 4) a 

decreased salinity. These responses are indicative of both peripheral and central 
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adaptation; Patterson et al. (2004b) suggested that central adaptation for the 

threshold shift was determined by the change in mean body temperature (T̅b) 

rather than a predetermined T̅b and this adaptation was also observed by many 

other groups (Armstrong & Kenney, 1993; Cotter et al 1995; Cotter et al., 1997; 

Fox et al., 1967a; Fox et al., 1963b; Hessemer et al., 1986; Ladell, 1951; Nadel et 

al., 1974; Shvartz et al., 1979; Wyndham, 1967; Yamazaki & Hamasaki, 2003). 

The increase in sensitivity of sweat rate secretion, evident when stimulated with 

heat stress (Armstrong & Kenney, 1993; Fox et al., 1967a; 1967b; Fox et al., 

1963b; Goto et al., 2010; Ladell, 1951; Lorenzo et al., 2010; Patterson et al., 

2004b; Stolwijk et al., 1977; Wyndham, 1967) or when stimulated 

pharmacologically (Collins et al., 1965; Collins et al., 1966), is thought to be 

related to an improved cholinergic sensitivity brought about by hypertrophied, 

more efficient, eccrine glands secreting more sweat, due to a change in 

muscarinic receptors or due to acetylcholine release, or through some combination 

of these glandular modifications (Sato & Sato, 1983; Sato et al., 1990). The altered 

sweating response was originally described to occur later than other HA 

adaptations (Armstrong & Maresh, 1991) however more recent data utilising 

contemporary HA techniques with a continued forcing function have shown sweat 

sensitivity to change within the first week (Cotter et al., 1997; Patterson, 2004b).  

The elevated capacity to sweat at an equivalent deep body temperature (Bass et 

al., 1955; Bean & Eichna, 1943; Cotter et al., 1997; Fox et al., 1963a; 1963b; 

Horvath & Shelley, 1946; Kuno, 1956; Ladell, 1945; Patterson et al., 2004b; 

Robinson et al., 1941; Robinson et al., 1943; Rowell et al., 1967; Strydom et al., 

1966) is predominantly brought about by sweat gland hypertrophy rather than an 

increased quantity of glands and is also evident in endurance trained athletes 

(Sato et al., 1990; Sato & Sato, 1983). Previous literature suggested sweat 

redistribution from the trunk to the limbs following HA with a more homogenous 

sweat rate covering the body (Höfler, 1968; Regan et al., 1996; Shvartz et al., 

1979) which could be advantageous since it maximises total skin wettedness and 

optimises evaporative cooling (Candas, 1987). However, more recent evidence 

from Patterson et al. (2004b) suggests that this is not the case. Rather, each site-

specific sweat gland is approaching its maximal capacity and perhaps the less well 
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trained sites have greater scope for adaptation, and will exhibit relatively greater 

flow increases to ‘catch-up’ with those already close to adaptation asymptote 

showing adaptive resistance.  

Interestingly, indigenes to hot environments show long-term HA adaptations where 

sweat rate is reduced, indeed this could be more efficient and aid fluid 

conservation (Dasler, 1971; Havenith & van Middendorp, 1986), although this 

response may be erroneously observed if the post-HA test is undertaken at a 

relatively lower thermal strain. It is also evident that sudorific facilitation may be 

less likely following humid-HA compared with dry-HA (Höfler, 1968; Périard et al., 

2015, Shvartz et al., 1979; Regan et al., 1996). A gradual decline in sweat flow 

due to a lower output from activated glands, beginning at the wettest sites, 

following protracted sweating is termed hidromeiosis and is commonly observed 

(Brebner & Kerslake, 1964; Brown & Sargent, 1965; Candas et al., 1979; Candas 

et al., 1980; Fox et al., 1963a; Gerking & Robinson, 1964). Following HA the onset 

of hidromeiosis could be delayed (Candas et al., 1980; Fox et al., 1963a; Ogawa 

et al., 1982) due to electrolyte concentration changes in sweat and is independent 

of Tb and hydration state (Candas et al., 1979; 1980), although this response isn’t 

necessarily supported with non-traditional models of HA (Fox et al., 1967a).  

As well as enhanced sweat rate, sweat composition changes with HA. HA actively 

and selectively elevates sodium (Na+) reabsorption at the distal duct of the sweat 

gland and reduces sweat Na+ secretion across various sweat secretion rates (Allan 

& Wilson, 1971; Bass et al., 1955; Chinevere et al., 2008; Conn, 1949; Dill et al., 

1938; Kirby & Convertino, 1986; Ogawa et al., 1982), resulting in more dilute 

sweat which is more readily evaporated due to the lower water vapour pressure at 

the skin for a given temperature (Taylor, 2014). Increased Na+ conservation is 

dependent upon the fluid regulatory hormone aldosterone which was first linked to 

sweat composition by Ladell (1945) and Moreira et al. (1945). Conn (1949) 

concluded that aldosterone was critical for inducing greater Na+ reabsorption and 

the highly important subsequent blood volume expansion. The renin-angiotensin II 

system signals the adrenal cortex to release aldosterone which acts on the 

kidneys to retain Na+ and water. Elevated plasma aldosterone concentration 

during exercise in the heat has been reported following HA (Kirby & Convertino, 
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1986; Costill et al., 1976; Finberg & Berlyne, 1977; Francesconi et al., 1983) and is 

often referred to as a mechanism supporting blood volume changes during HA.  

2.3.3 Cutaneous blood flow 

In addition to evaporation, radiation and conduction, heat may be dissipated 

through convection; elevated cutaneous blood flow is necessary to transfer heat 

from the core to the periphery during exercise in the heat (Sunderstroem, 1927; 

Rowell et al., 1967; 1969). Although, during passive heating without exercise 

cutaneous blood flow is maximal since exercising muscles are not competing for 

the blood. This response aids heat loss by altering the air-skin gradient while 

elevating evaporative efficiency.  

Central and process modifications to the cutaneous blood flow response have 

been reported following HA, although maximal flow is not altered. It seems that the 

vasomotor threshold, relative to Tre and T̅b is reduced by 0.3°C to 0.5°C following 

HA (Armstrong & Kenney, 1993; Goto et al., 2010; Nadel et al., 1978; Roberts et 

al., 1977). More recently, additional evidence for increased local vasomotor 

sensitivity has also come to light (Armstrong et al., 1993; Goto et al., 2010; 

Lorenzo & Minson, 2010; Roberts et al., 1977; Stolwijk et al., 1977). Evidence from 

experiments involving local acetylcholine infusion using microdialysis suggest that 

this sensitivity is likely to involve cyclooxygenase pathways (Lorenzo & Minson, 

2010). Figure 2.3 summarises the central and peripheral adaptations to the 

sudomotor and vasomotor thermo-effector responses following HA.   
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2.3.4 Blood volume 

An increase in total body water (~2-3 L) is reported following HA (Bass et al., 

1955; Patterson et al., 2004b; Patterson et al., 2014; Wyndham et al., 1968) and 

can be explained in part by the increase in aldosterone and arginine vasopressin 

secretion and renal sensitivity to a given plasma concentration. The extracellular 

fluid is maintained through Na+ retention (Nose et al., 1988) and also brings about 

an expansion in plasma volume (PV). Repeated perturbations to intravascular 

osmotic pressures of the capillaries in the muscles during repeated exercise in the 

heat enlarge blood volume by altering the Starling forces and favouring absorption. 

The literature regarding the location of fluid expansion following HA is indistinct, 

except for the commonly reported elevation in PV which is often 4-15% (Bass et 

al., 1955; Senay et al., 1976; Nielsen et al., 1993; Patterson et al., 2004b; 

Patterson et al., 2014). This was first demonstrated by Barcroft et al., (1923) then 

described by Dreosti (1935) in relation to rapid adaptation and was initially thought 

to be a transient phenomenon (Senay 1979; Shapiro et al., 1981; Wyndham et al., 

1968), peaking at around three to four-days (Armstrong & Maresh, 1991; Sawka & 

Figure 2.3. Schematic representation of the central and peripheral adaptations that occur in 
response (Pre vs Post) to heat acclimation (HA). The Tc threshold for the onset of sweating 
rate is reduced while the rate and sensitivity (i.e. slope) are increased. Concomitantly, the Tc 
threshold for the onset of cutaneous vasodilation is reduced whereas cutaneous blood flow 
sensitivity is increased. Taken from Taylor (2014) and adapted from Nadel et al. (1971) and 
Gisolfi & Wenger (1984).  
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Coyle, 1999). Following evidence from Harrison et al. (1981) and Patterson et al. 

(2004b; 2014) however, the gradual decline previously described is now thought to 

be an experimental habituation artefact due to the nature of the HA regimens used 

previously; PV remained similarly expanded (~14%) after 8 and 22-days of HA and 

none of the six fluid compartments examined were expanded at the expense of 

another. The magnitude of the change in PV is affected by several factors, with 

greatest responses seen during upright exercise in the first week of HA in fully 

hydrated individuals who are not endurance trained (Périard et al., 2015). Elevated 

PV is an important precursor to supporting cardiovascular stability and increases 

the specific heat of blood to lower cutaneous blood flow responses (Sawka et al., 

2011).  

The initial rapid expansion in PV results in a decrease in haemoglobin 

concentration; erythrocyte volumes (EV) are generally reported to be unaltered 

following HA and seasonal changes (Sawka & Young, 2000), although recent 

evidence has reported increased red cell volume following HA (Scoon et al., 

2007). Takeno et al. (2001) have examined the possibility of combined 

environmental stressors for simultaneous red cell and PV expansion in humans 

(discussed in section 2.7). The attraction of PV expansion for athletes was 

highlighted by Lorenzo et al., (2010) who suggested that a greater plasma and 

blood volume would support a greater cardiac output during exercise in a cooler 

environment and thus maximal oxygen uptake, which together would aid 

endurance performance. On this basis heat was considered as an ergogenic aid 

(more detailed discussion of this topic in section 2.5).    

Plasma volume (or the change in PV) can be measured in several ways, such as 

labelled albumin dilution (125I ALB), indicator dye dilution (Evan’s blue, brilliant red) 

or indirect estimation from the change in haematocrit and haemoglobin 

concentration (Dill & Costill, 1974), and EV. Historically, the percent change in 

haematocrit was used to indicate the percent change in PV, however Beaumont et 

al. (1972) suggested that the changes in haematocrit were consistently smaller 

than the changes in PV (Saltin, 1964; Vogt & Johnson, 1967; 18), which could 

incorrectly lead to the conclusion that proteins are entering the vascular system 

during thermal and exercise dehydration (Beaumont et al., 1972), although the 
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majority of the different might in fact be a due to the concept of its value (if PV is 

several thousand mL while Hct is around 45%). They suggested a proportionality 

factor which lead on to the often cited paper from Dill & Costill (1974), who 

formulated a calculation to indirectly determine the change in PV (%) not solely on 

the change in Hct but also including any changes in the volume  of the red blood 

cells (i.e. haemoglobin concentration [Hb], when mass is constant). The relative 

ease of the Dill & Costill (1974) technique means it is often used in HA research 

determine the ∆PV, which can be measured at rest over the HA period or before 

and after exercise through HA programmes. Sometimes, the change in PV during 

exercise (where no change in red cell mass is assumed during short-term exercise 

at sea level) is inferred from resting measures before and after exercise-stress. 

However, it is uncertain whether these immediate pre-post exercise changes and 

other measures (using the Dill & Costill technique and other measures such as 

blue dye dilution and labelled water) accurately represent the changes to PV 

during exercise, and is often assumed to be the case (Patterson et al, 2004; 

Racinais et al., 2012) so should be interpreted with caution.   

2.3.5 Cardiovascular stability 

There are many reasons why the maintenance of cardiovascular stability is key, 

with the most prominent being to avoid circulatory collapse/syncope. In this regard 

it is also important to distribute blood in a way that aids thermoregulation and 

exercise performance (Rowell, 1974; Périard et al., 2015). Typically, reduced 

sympathetic activation of the heart (Berlyne et al., 1974) and reduced cardiac 

frequency, often used as a measure of cardiovascular strain, are reported 

following HA (Aoyagi et al., 1994; Gisolfi et al., 1969; Horvath & Shelley, 1946; 

Kobayashi et al., 1980; Rowell et al., 1967; Strydom et al., 1966; Wyndham et al., 

1968), although there may also be intrinsic cardiac changes following heating as 

demonstrated in animal models (Thibault et al., 1998; Yamagishi & Sano, 1967). 

Various mechanisms underpin this response, including: improved skin cooling and 

therefore reduced cutaneous blood flow and a redistribution of blood; PV 

expansion; increased venous tone; and reduced Tsk and Tc (Périard et al., 2015).  
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Additionally, there is evidence for elevated stroke volume following HA (Wyndham 

et al., 1998; Nielsen et al., 1993; Rowell et al., 1967; Goto et al., 2010) which Goto 

et al. (2010) associated with a better maintenance of ventricular pressure (Gledhill 

et al., 1994) and increased blood volume which supports venous return and 

cardiac preloading following short-term HA. Although, this response is not always 

observed in the heat (Lorenzo et al., 2010; Nielsen et al., 1997; Wyndham et al., 

1951; 1976). Earlier studies examining HA reported mixed results regarding stroke 

volume and cardiac output (Rowell et al., 1967; Wyndham et al., 1968) though 

they used dry and humid heat stress, respectively, which might account for the 

differences. More recently, Nielsen et al. (1993) reported that following nine to 12-

days of dry HA, stroke volume and cardiac output were increased, however, after 

HA of a similar length but in a hot-humid environment, stroke volume and cardiac 

output were unaltered (Nielsen et al., 1997). Animal studies provide insight into 

how these responses support exercise in heat, with evidence of increased cardiac 

compliance, more efficient cardiac filling, greater economic cost, reduced 

metabolic heat and thyroid hormone production (Horowitz et al., 1986; Horowitz et 

al., 2003; Levy et al., 1997; Mirit et al., 1999). Moreover, the combination of stress 

from exercise in addition to heat, which is often the case in HA protocols, also 

increases the contractility of the heart (Taylor, 2014).   

2.3.6 Thermal tolerance 

Acclimation provides reduced systemic strain while cellular adaptations from a 

non-severe heat exposure provide tolerance to greater subsequent exposure 

which would have been lethal previously (Moseley, 1997; Horowitz, 1998). This 

area is relatively unexplored, although it has been shown that chronic stress, 

including heat, hypoxia and exercise, will induce heat shock protein (HSP) 

expression, and the cytoprotective effects exhibited are termed ‘acquired thermal 

tolerance’ (Kregel, 2002). HSPs are named dependent on their molecular weight 

and the most relevant proteins associated with heat stress are HSP70 and HSP90; 

they play key roles in protein transport, re-folding of denatured protein and are 

anti-apoptotic. During exercise in the heat a greater HSP response is elicited than 

to either stressor independently and this expression has been shown to be 

duration and intensity dependent (Périard et al., 2012b), but hyperthermia, rather 
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than exercise is an important signal for HSP72 transcription and subsequent 

thermotolerance (Gibson et al., 2015). There is evidence from both animal and 

human studies that shows that HSP70, which is highly inducible, is increased by 

HA (Maloyan et al., 1999; Magalhães et al., 2010; McClung et al., 2008; 

Sandström et al., 2008; Tetievsky et al., 2008; Yamada et al., [1985] 2007). 

However, it should be acknowledged that the role of extracellular HSP70 appears 

to be more closely linked to immunological responses rather than improved 

thermotolerance, and the associated cytoprotective adaptations (Asea, 2006); 

thus, measuring intracellular HSP70 responses might be optimal for determining 

cellular responses to HA (Magalhães et al., 2010b).  

Hypoxia Inducible Factor 1-alpha (HIF-1α) is a protein that is continually degraded 

by prolyl-hydroxylase under normoxic conditions. This degradation is reduced with 

exposure to heat or hypoxic stress, amongst other stressors, and HIF-1α signals 

pathways involved in increased vascular endothelial growth factor (VEGF) and 

erythropoietin (EPO) expression, as often described with high altitude adaptation. 

Increases in HIF-1α may be activated by increases in HSPs associated with heat 

acclimation and thus a cross-tolerance between heat and hypoxic stress has been 

considered recently (Ely et al., 2014; Heled et al., 2012; Lee et al., 2014).  

2.3.7 Metabolism 

Altered oxygen use has been demonstrated following HA, with less oxygen used 

for sub-maximal exercise in the heat (Sawka et al., 1983a), and glycogen sparing 

evident (King et al., 1985; Kirwan et al., 1987; Young et al., 1985). Mechanisms 

underpinning this response could include reduced thyroid activity (Collins & 

Weiner, 1968) or reduced metabolism at the level of the mitochondria (Assayag et 

al., 2012; Fujii et al., 2012). Recently, power at lactate threshold has been shown 

to be improved during exercise in hot and cool conditions (+5%) (Lorenzo et al., 

2010) and lactate accumulation is reduced (Febbraio et al., 1994a, Young et al., 

1985). Delayed lactate accumulation could be related to the increase in cardiac 

output to active muscles and decreased metabolic rate reported in Lorenzo et al. 

(2010) and earlier studies (Aoyagi et al., 1994; Sawka et al., 1983, Young et al., 
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1985). Metabolism could also be altered through increased plasma and total blood 

volume and thus enhanced blood flow for lactate removal (Rowell et al., 1968).  

2.3.8 Perceptions of heat 

Perceptual ratings of thermal comfort during exercise in the heat are often 

reported to be reduced following HA and this occurs regardless of age and fitness 

level (Inoue et al., 1999). Thermal sensation (TS) and the rating of perceived 

exertion (RPE; Borg, 1982) have also been investigated during exercise in the 

heat and are improved. The relative proportion of actual perceptual adaptation, 

compared with perceptual changes as an indirect result of physiological 

adaptation, e.g. reduced heart rate, core or skin temperature, are yet to be 

separated.    

2.3.9 Time course of adaptation 

To summarise the adaptive responses and their associated time course, Périard et 

al. (2015) have adapted a table from Armstrong & Maresh (1991) and is shown 

below (Figure 2.4). The earliest adaptive responses are cardiovascular and the HA 

response is usually completed with full sudorific adaptation, although the onset of 

this particular adaptation and the maintenance of an expanded PV may need to be 

updated following evidence utilising contemporary HA regimens, described in 

section 2.4. It could be noted that in this schematic, the changes in Tc occur and 

are completed in advance of sweat rate alterations, which might suggest that 

temperature adaptations are more determined by the rapid expansion in PV.  

 
 

 

 

 

 

 

Figure 2.4 Time course of adaptive responses to repeated exercise-heat stress in 
humans. (Taken from Périard et al., 2015). 
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The decay of HA has been described in several studies (Dreosti, 1935; Fox et al., 

1960; Henschel et al., 1943; Lind & Bass, 1963; Robinson et al., 1943; Saat et al., 

2005a; Weller et al., 2007; Williams et al., 1967; Wyndham & Jacobs, 1957) and 

occurs slower than HA acquisition (Dreosti, 1935; Pandolf, 1979; Weller et al., 

2007), again with the cardiovascular responses altered prior to changes in body 

temperature (Rogers, 1977; Williams et al., 1967; Pandolf et al., 1977). The rate of 

decay could be related to cardiorespiratory fitness (Pandolf, 1979). Weller et al. 

(2007) found it possible to re-induce the Tc and cardiac benefits of HA within four-

days of heat exposure following 10-days of HA and 12-days without heat stress, 

although Saat et al. (2005a) suggested decay would be conserved and re-

induction enhanced if rest rather than exercise was employed in cool 

environments following 14-days HA.  

 

  



Chapter 2: Literature Review 

21 

 

 

 Optimising Heat Acclimation in athletes 2.4

Athletes seek optimal adaptation to aid performance rather than simply improved 

thermal tolerance to a given level of stress. Thus, the literature, originating from 

occupational and military settings (Wyndham et al., 1969) is headed toward 

developing ideal HA strategies for competitive athletes (Périard et al., 2015). 

Often, those who are well trained show greater resistance to adaptation to a given 

stimulus compared to sedentary individuals (Prud’homme et al., 1984; Vollard et 

al., 2009).  

It is important to recognise that endurance trained athletes already present a 

number of physiological adaptations similar to that seen with HA, including: 

reduced cardiovascular and thermal strain (Baum et al., 1976; Kampmann et al., 

2008; Shvartz et al., 1974), elevated blood volumes (Convertino, 1991; Holmgren 

et al., 1960; Maw et al., 1996; Okazaki et al., 2009) and greater sweat rates 

(Cheung & McLellan, 1998; Gisolfi & Robinson, 1969; Goto et al., 2010; Roberts et 

al., 1977), and therefore greater cellular heat tolerance (Allan, 1965; Irion, 1987; 

Piwonka & Robinson, 1965; Strydom et al., 1966). Endurance exercise repeatedly 

exposes the body to significant temperature increases (Horvath & Shelley, 1946; 

Nadel, 1974) even under cool-temperate ambient conditions (Pugh et al., 1967). 

However, some further adaptive responses to heat are evident even in highly 

trained endurance athletes (Houmard et al., 1990; Piwonka et al., 1965), therefore 

even for highly trained competitive athletes it is valuable to find additional ways to 

optimise the HA response (Périard et al., 2015), since exercise capacity has been 

shown to be increased in the heat (Racinais et al., 2015) and cooler environments 

following HA (Corbett et al., 2014; Lorenzo et al., 2010).  

Adaptations to heat are optimised when combined with exercise (Armstrong & 

Maresh, 1991). The interaction between heat and exercise is not merely additive; 

they should be viewed as independent stressors that lead to a specific 

transcriptional program (Kodesh et al., 2011) since genes affected by chronic heat 

exposure were associated with the excitation-contraction coupling cascade while 

aerobic training up-regulated genes involved with calcium turnover.  
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Repeated application of the same thermal and metabolic load will not induce 

optimal HA since, while the external stimulus remains constant, physiological 

strain is reduced as HA progresses and thus the stimulus overload is reduced. 

Traditional HA techniques have used sub-optimal methods such as fixed-intensity 

exercise in a constant heat stress (for example: Lorenzo et al., 2010; Shvartz et 

al., 1977). The cessation of adaptation originally reported may in fact be an 

artefact of the experimental techniques with the adaptation impulse eventually 

becoming insufficient (Taylor et al., 2014). 

To counter this, and maintain a constant thermal impulse, stress can be elevated 

either through the climate or metabolic heat production, and although suggested 

by Fox (1963) it has received less attention until recent years (Patterson et al., 

2004; Garrett et al., 2012) this has been employed in contemporary techniques. 

The isothermal strain model (ISO), otherwise termed controlled hyperthermia 

(CH), provides a constant elevated thermal strain (target Tre ~38.5°C) achieved by 

varying the metabolic heat production (Andres et al., 2000; Convertino et al., 1980; 

Havenith & van Middendorp, 1986; Ohnishi et al., 1986; Patterson et al., 2004a; 

2004b; Regan et al., 1996; Weller et al., 2007; Garrett et al., 2014; Neal et al., 

2015) or by elevating the external heat load (Fox et al., 1963a; Nelms & Turk, 

1972; Ogawa et al., 1988; Sugenoya et al., 1986). Gibson and colleagues (2015) 

compared a fixed intensity workload (50% V̇O2peak) with the ISO technique over a 

10-day (90 min·day-1, 40°C, 40% RH) HA regimen. They concluded that, despite 

the diminished endogenous stress in the fixed protocol, equal signals for the 

attainment of thermotolerance were present in both techniques, although ISO 

provided a greater reduction in cardiovascular strain (Gibson et al., 2015). Some 

hormonal responses (e.g. aldosterone) are strain-dependent therefore it is 

important to maintain physiological strain for optimal adaptation. Fundamentally, 

as well as thermoreceptor feedback from the deep body as a result of metabolic 

heat production and/or ambient heat stress, feedback from the skin is important for 

optimising heat adaptation (Regan et al., 1996). No other groups have compared 

the ISO with traditional techniques directly, however there is evidence that ISO 

sustains the HA adaptive responses for longer than traditional techniques 

(Patterson et al., 2004a; Patterson et al., 2014) and achieves adequate HA rapidly 
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(Garrett et al., 2014) and can be re-induced quickly (Weller et al., 2007), making it 

a conceptually superior regimen. 

It could also be argued that self-regulated exercise regimens in the heat would 

benefit athletes as this technique demonstrates considerable practicality, although 

it is difficult to standardise endogenous thermal load (Taylor & Cotter, 2006). In 

this method, participants follow prescribed work-rest periods but select and modify 

the work rate based on fitness or perceived effort (Armstrong et al., 1986; Fox et 

al., 1961), which allows different pacing strategies to be rehearsed and avoids 

overtraining. Currently, the limit of HA is unknown due to experimental 

misinterpretation; a genetically determined individual maximum has been 

proposed (Taylor, 2014).  
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 Heat acclimation as an ergogenic aid for endurance 2.5

performance  

It is well documented that hot ambient conditions impair endurance performance 

(Guy et al., 2015). The mechanisms are likely multifaceted, but appear to be 

mediated by increased temperature of the central (Nybo, 2010; Périard et al., 

2014) and peripheral (Périard et al., 2014) nervous system and augmented 

cardiovascular strain, which is required to maintain blood pressure when there is 

competition for blood flow between the working muscles and the heat loss 

requirements of the skin (Rowell, 1974). However, HA has been repeatedly shown 

to either partially (Nielsen et al., 1997; Sawka et al., 1985; Tyler et al., 2016), or 

completely (Racinais et al., 2015) alleviate this performance decrement in a hot 

environment.  

Achieving an optimal state of adaptation is important; in addition to enhancing 

performance under hot conditions, evidence is emerging to suggest that 

adaptation to heat might also aid performance when the stressor is weaker/no 

longer present i.e. provide an ergogenic effect under cooler conditions (Lorenzo et 

al., 2010). Accordingly, effective HA may prove fruitful for sportspersons preparing 

for competition under a range of environmental temperatures including those with 

a lesser thermal burden. Conceptually, this is analogous to the altitude training 

paradigm in which improvements in performance have been seen at sea level 

following a bout of living and/or training in hypoxia. For example, Levine & Stray-

Gundersen, (1997) used the live high-train low concept to induce adaptation 

through four-weeks of living at a high altitude (2,500 m) and training at a lower 

altitude (1,250 m) and demonstrated an improved sea level 5,000 m running 

performance in trained runners as a consequence of the adaptive response to the 

high altitude environment (increased red cell volume and maximal oxygen uptake). 

Altitude training has since been explored in greater depth and is now widely 

accepted and practiced by elite athletes (Bonetti & Hopkins, 2009; Millet et al., 

2010; Rusko et al., 2003), although not all studies support its efficacy 

(Siebenmann et al., 2012).  
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More recently, it has been hypothesised that applying this concept to training 

under heat stress (and competing in less thermally stressful environments) could 

be beneficial, particularly since even moderate ambient temperatures increase 

physiological strain and pose a potentially limiting thermal challenge (Corbett et 

al., 2014; Ely et al., 2007; Galloway & Maughan, 1997). This notion is plausible 

since top athletes have the potential to sustain work rates in excess of 1500 

kcal·h-1, so have the potential to exceed the prescriptive zone (Lind, 1963) even 

under relatively cool conditions. For example, the upper limit of the prescriptive 

zone for an athlete with a metabolic heat production of 488 W is just 26.9°C (CET) 

(Lind, 1963) and Ely et al. (2009) demonstrated high deep body temperatures 

(39.39-40.28°C) in competitive distance runners completing an 8 km running time 

trial (TT) in an ~13°C Wet Bulb Globe Temperature (WBGT) environment, thus 

adaptations to alleviate thermal strain might be appropriate. Furthermore, data 

from Ely et al. (2007) demonstrate that marathon race performance progressively 

slows with increased environmental heat stress, even at low ambient temperatures 

(10 to 25°C), and that this is a function of elevated Tsk; this suggests that 

temperate environments may also present a significant thermal burden. The 

gradient between skin and core temperature is linked to cutaneous blood flow  

(Rowell, 1986) and sweat requirements; associated hypohydration will exacerbate 

aerobic performance decrements by reducing central blood volume (Sawka et al., 

2012). Moreover the thermo-effector responses to this thermal challenge are 

associated with a ‘physiological cost’ (Corbett et al., 2014). For a given work rate, 

heart rate and oxygen uptake will be increased, via enhanced vasomotor and 

sudomotor responses, to translocate heat for dissipation to ensure maintenance of 

a safe internal temperature; resulting in a lack of adequate/optimal cardiac output 

being provided to the working muscles (Rowell, 1993). Together these effects can 

result in a decline in endurance performance. It is important to optimise many 

factors associated with exercise in the heat since even increased Tsk when Tc is 

constant will elevate heart rate (Sawka et al., 2012) and decrease the Tc threshold 

for sweat onset (Shibasaki et al., 2006).  

As described, HA induces many adaptations that could provide benefits to 

exercise in cooler environments, where some thermal burden remains and high 
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endogenous heat productions are present, through both thermal and non-thermal 

mechanisms. The thermoregulatory effects described in section 2.3 such as 

improved sweating, reduced Tc and Tsk, expanded blood volumes and altered 

cutaneous blood flow responses reduce the physiological cost of exercise when 

there is some thermal burden (Corbett et al., 2014) and might aid performance in 

temperate conditions. Although increased sweat rate could be disadvantageous 

due to an increased rate of dehydration, there is evidence of good endurance 

performances despite this (e.g. Alberto Salazar 1984 Olympic marathon, 

Armstrong et al., 1986) and usually drinks are available ad libitum; nine winners 

and one second place finisher (average finish time: 02:06:31[00:01:08] hours) of 

major city marathons (15.3[8.6]°C, 59[17]% RH) were estimated to have lost 

8.8(2.1)% of their body mass (BML) upon completion and the winner of the Dubai 

marathon revealed a BML of 9.8% (Beis et al., 2012). 

The strength of these benefits may diminish in parallel to the reduction in the 

thermal burden incurred by the ambient temperature as it approaches the 

suggested optimal temperature for performance (~10°C) (Ely et al., 2007; 

Galloway & Maughan, 1997). Non-thermal mechanisms associated with HA 

include PV expansion and the Frank-Starling effect on stroke volume (Krip et al., 

1997) which augments maximal cardiac output in cool conditions following HA 

(Lorenzo et al., 2010). Improved cardiac output is strongly linked to increases in 

V̇O2max and subsequently, exercise economy (Sawka et al., 1983), and this has 

been reported in cool and temperate conditions following HA (Lorenzo et al., 2010; 

Sawka et al., 1985; Shvartz et al., 1977; Takeno et al., 2001). However, the 

efficacy of the PV expansion mechanism in highly trained athletes is questioned 

due to the associated haemodilution effect (Coyle et al., 1990; Hopper et al., 1988; 

Warburton et al., 1999), and therefore reduced oxygen carrying capacity of the 

blood (Kanstrup & Ekblom, 1982), besides; they could already be maximally 

hypervolemic (Nybo & Lundby, 2016). Moreover, in some instances such as when 

participating in weight-bearing sports, the mass penalty associated with 

hypervolemia could be disadvantageous. Evidence to suggest that HA increases 

red-cell mass is lacking, although Scoon et al. (2007) found a mean 3.5% increase 

in red-cell volume as well as a 7.1% PV expansion following three weeks of post-
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training sauna bathing and Takeno et al. (2001) have suggested combining 

stressors will optimise the hematological responses in training (see section 2.7). 

Cardiac changes have also been described, including increased ventricular 

compliance (Horowitz et al., 1986) due to improved myocardial efficiency 

(Horowitz et al., 1993) and increased end-diastolic volume. Animal studies show a 

transition from the fast myosin to the more efficient slow myosin isoform in rat 

cardiac muscle following chronic HA (Horowitz et al., 1986). The increase in 

human power output at lactate threshold in cool conditions (5%) following HA 

(Lorenzo et al., 2010) could be related to the anabolic effects of HA; strength was 

increased following HA with exercise in rats (Kodesh & Horowitz, 2010) and with 

long-term local muscle heating (Goto et al., 2010). Other mechanisms might 

contribute to improved power at lactate threshold; and Lorenzo et al. (2010) 

suggested that the concomitant increase in cardiac output with maximal oxygen 

uptake (V̇O2max) would facilitate the preservation of splanchnic lactate removal, but 

it could also be due to reduced carbohydrate metabolism (Young et al., 1985) or 

dilution effects of PV expansion.   

A number of studies have examined the ergogenic potential of HA (Buchheit et al., 

2013; Buchheit et al., 2011; Chalmers et al., 2016; Hue et al, 2007; Karlsen et al., 

2015; Keiser et al., 2015; Lorenzo et al., 2010; Morrison et al., 2002; Philip et al., 

2016; Racinais et al., 2014; Sawka et al., 1985; Scoon et al., 2007; Zurawlew et 

al., 2015). Yet, recent reviews from Chalmers et al., (2014) and Corbett et al., 

(2014) have highlighted confounding factors in most studies examining the 

ergogenic potential of HA for cooler exercise conditions. Specifically, five of the 

studies which report an ergogenic effect lack an appropriate control group 

(Buchheit et al., 2011, Buchheit et al., 2013; Hue et al., 2007; Racinais et al., 

2014; Sawka et al., 1985), with other criticism including a lack of elite athletes 

(Sawka et al., 1985), use of likely sub-optimal HA programmes (Lorenzo et al., 

2010; Morrison et al., 2002; Scoon et al., 2007), absence of clear HA (Buchheit et 

al., 2013, 2011; Chalmers et al., 2016; Hue et al., 2007; Morrison et al., 2002; 

Philip et al., 2016; Racinais et al., 2014; Scoon et al., 2007), coincident hypoxic 

exposure (Buchheit et al., 2013; Racinais et al., 2013) and exercise models where 

the ‘true’ performance effect and cause and effect (mechanism) is unclear 
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(Buchheit et al., 2013, 2011; Racinais et al., 2013; Sawka et al., 1985; Scoon et 

al., 2007). Table 2.2 outlines the research studies investigating the ergogenic 

effect of the heat and their relevant findings.  

Perhaps the foremost study supporting the use of HA for improved exercise 

performance in temperate conditions is from Lorenzo et al. (2010) that involved 

trained cyclists in a 10-day HA experimental group (n=12) and a 10-day cool 

control group (n=8), who exercised for 90 minutes at 50% V̇O2max in 40°C and 

13°C, respectively (30% RH). The results showed HA to be effective and 

ergogenic effects were seen under both hot (38°C, 30% RH) and cool (13°C, 30% 

RH) conditions with significant improvements in V̇O2max (8% [hot] and 5% [cool]), 

lactate threshold (5% [hot and cool]), maximal cardiac output (5% [hot] and 9% 

[cool]) and TT performance (8% [hot] and 6% [cool]). However, despite 

participants already being highly trained, the cardiovascular strain (heart rate) of 

those in the experimental group was higher on day one (by 35 b·min-1) and day 10 

(by 23 b·min-1) than those in the control group, potentially giving rise to an 

increased training effect. Interestingly, this study used a traditional constant 

workload HA programme to induce adaptations to heat that can be described as 

“sub-optimal” due to the diminishing thermal strain as the individual adapts. Thus, 

it might be theorised that the isothermal strain (ISO) model would provide a 

superior (although perhaps not ‘optimal’ since this is yet to be determined and 

could be linked to other factors such as genetic limitation) ergogenic response by 

providing consistent overload of the stressor throughout the HA period (Taylor, 

2014).  

Scoon et al., (2007) used a balanced cross-over design to investigate whether 

physiological adaptation to sauna bathing would enhance endurance performance. 

This involved (mean [SD]) 12.7 [2.1] sauna (89.9 [2.0]°C) sessions (lasting 31 [5] 

minutes) following normal training over a three-week period. Time to exhaustion 

(TTE) at 5 km pace was assessed pre- / post-sauna intervention and showed an 

increase of 32% following the sauna intervention (equivalent to ~2% increase in 

endurance TT performance) in male distance runners, relative to the control, which 

could not be attributed to a training effect it would seem since this heat exposure 

was passive. The ergogenic effect correlated with increased blood volumes (e.g. 
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PV= 7.1%, correlated with run time r=-0.96). However, in this study slightly less 

training was reported in the no sauna group and it was unclear to what extent HA 

was achieved given that no thermal measures were reported, and it is known that 

this type of open ended test accentuates the true performance effect (Jeukendrup 

et al., 1996).  

A number of studies, however, have failed to replicate the substantive ergogenic 

effects of Lorenzo et al. (2010) and others. For instance, Keiser et al. (2015) 

performed a study with the same duration of HA as Lorenzo et al. (2010) and 

included a crossover cool control condition (18°C) and also replicated Lorenzo et 

al.’s water bath immersion (34 or 42°C water) prior to V̇O2max tests and TT in hot 

(38°C) and cooler (18°C) conditions (sufficient to raise Tre by 0.8°C in 21 minutes, 

before the hot trial and not affect Tre in the cool trial). They concluded that heat 

was not ergogenic with no evidence of changes in V̇O2max or TT performance in 

cooler conditions following 10 consecutive days HA; but performance was 

improved by 10% in the heat (38°C). This programme elicited a similar degree of 

PV expansion to Lorenzo et al. (2010) who had attributed their improved 

performance to ∆PV, but an ergogenic effect was not reported by Keiser et al. 

(2015) and adaptations previously associated with an ergogenic effect were not 

correlated with the changes in performance. Differences may lie in the different HA 

techniques for prescribing work rate; participants (of a similar fitness) exercised at 

a relatively higher exercise intensity during HA than in the control condition of 

Lorenzo et al. (2010) while Keiser et al. (2015) employed a superior HA technique, 

in which relative cardiovascular strain was matched between HA and control 

conditions (heart rate at 50% of V̇O2max in 38°C and 18°C conditions, respectively). 

It has also been suggested that the difference between these studies could be due 

to insufficient statistical power since the numerical data are similar, therefore 

studies with larger numbers of participants should be completed. Another recent 

study, from Philip et al. (2016), also prescribed exercise in the heat (35°C) using 

cardiovascular strain (70% heart rate reserve for 45 minutes on five days, which 

resulted in an improved intermittent running performance three days (but not one 

day) after exposure, although this was not greater than the performance 
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improvement (likely small increase) in a matched relative cardiovascular intensity 

cool (15°C) exercise control group.  

Furthermore, Karlsen et al. (2015) reported a large PV expansion following both 

HA (two weeks- see Racinais et al., 2015) and a cool (<15°C) control training 

programme consisting of normal training (+15% and +12%, respectively). They 

also demonstrated an improvement in 40.3 km outdoor cycle TT performance in 

the heat (36°C) following HA but there was no change in V̇O2max, power output or 

TT performance in cool conditions following HA. This is in agreement with Nybo & 

Lundby (2016) who suggest that PV expansion is ineffective when participants are 

already hypervolemic and possess a cardiovascular system adapted to several 

years of training. Furthermore, the benefit of a large PV expansion can be 

countered by a strong hemodilution effect (Coyle et al., 1990; Hopper et al., 1988; 

Warburton et al., 1999) hindering increased cardiac output and resulting in no 

improvement in V̇O2max (Kanstrup & Ekblom, 1982), as seen here but, apparently, 

successfully offset in the study of Lorenzo et al. (2010). Some research suggests 

that heat might also induce a secondary hematological response to PV expansion; 

increased red cell mass has been reported (Sawka, 1985; Scoon et al., 2007) and 

recently it has been shown that tHbmass was increased by 7% following HA and not 

following a cool control programme (Karlsen et al., 2015), which could contribute 

to improved endurance performance through improved oxygen delivery. 

Chalmers et al. (2016) combined data from two studies (four and five-day HA 

(n=41) to examine the effect of (perceived exertion prescribed) exercise-heat 

(35°C, 30% RH) exposure on speed at the second lactate threshold of male 

athletes. Compared to a perceived exertion matched mild (19°C, 30% RH) 

exercise control group, short-term HA did not induce any changes in speed at LT2. 

It is likely that athletes spent insufficient time above threshold skin and core 

temperatures (not measured during exposure) to induce adaptation since the 

study showed no PV expansion or changes to other markers of HA (heart rate, Tc 

or thermal comfort) greater than that of the mild control group, although these 

were only measured in a mild environment rather than a heat stress test per se. 

The aim of this study was to determine whether a more logistically feasible HA (i.e. 

cost-effective, shorter and intensity prescribed using RPE) would be effective, 
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although it appears a greater exposure might be required and measures of 

performance were not included.  

To summarise, conflicting evidence exists regarding the ergogenic effect of HA in 

cooler conditions. This has led to a recent CrossTalk debate published in the 

Journal of Physiology, which calls for more quality research to be completed. 

Minson & Cotter (2016) argue that HA could improve performance in cooler 

conditions and could be more appealing than hypoxia (altitude training) (Dempsey 

& Morgan, 2015), although they do acknowledge that there are more questions 

than answers regarding the ergogenic utility of HA. They conclude that going 

forward, HA must be of sufficient stimulus and duration, individual variation should 

be considered and other key training aspects should be maintained, potentially 

being completed in a cooler environment in order to maximise gains and minimise 

fatigue. Furthermore, elite athletes should be studied and the ideal timing of 

competition following HA should be addressed and considered as a useful strategy 

when environmental conditions are uncertain (Minson & Cotter, 2016). On the 

other hand, Nybo & Lunby (2016) do not support the view that HA is ergogenic 

and highlight the importance of well-designed placebo-controlled cross-over trials 

as well as suitable techniques for matching a control group to distinguish a true 

effect of HA from a training or placebo effect. They go on to suggest that PV 

expansion can occur without concomitant improvements in V̇O2max (Kanstrup & 

Ekblom, 1982) and further haemodilution will not benefit arterial oxygen delivery in 

well-trained endurance athletes (Keiser et al., 2015); moderate effects on V̇O2max 

were seen with PV expansion in untrained men (Coyle et al., 1990).   
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Table 2.2. Research investigating the ergogenic effect of heat acclimation. Each study’s participants and protocol is outlined with the total heat 
exposure detailed. Focus is placed on the results related to exercise in cooler conditions than on the heat acclimation itself. Two recent reviews are 
included to indicate the state of the literature.  

Reference Participants Protocol Heat stress exposure Outcome measures 

Hovarth & Shelley, 1946 16 trained soldiers. Marched (2.9 miles·h
-1

) 

carrying a 20 lb pack for 
~1,800 minutes over 27-
days. 

Total of 6,480 minutes 
exposure to 48°C (resting 
and marching).  

1 h marches in 48.9°C 
enable men to work for at 
least four times as long in 
less severe heat. 

Shvartz et al., 1977 7 PL3 males (V̇O2max: 60.1 ± 
3.7 mL·min

-1
·kg

-1
). 

Untrained control group 
(n=7, PL2, V̇O2max: 47.7 ± 
3.6 mL·min

-1
·kg

-1
). Also 

compared people of lower 
fitness levels.  

8-days HA: 3 h·day
-1

 at a 
workload of 41 W. CON: 7-
days 3 h·day

-1
 stepping at 

41 W. HST pre- and post-
HA: 60 minutes stepping at 
41 W, 30-45 minutes rest, 
15 minutes stepping at 82 
W. 

HA: 1,680 minutes total 
heat exposure over 10-
days. CON: 23°C.  

“HA presents the dominant 
factor affecting Tre 
responses in temperate 
conditions, and V̇O2max and 
surface area-to-mass ratio 
constitute less important 
factors.” 

Sawka et al., 1985 13 PL1 male soldiers 
(V̇O2max: 3.39 ± 0.52 L·min

-1
, 

PPO: 266 ± 42 W). 

9-days HA, 2 h·day
-1

 
treadmill walking (40-50% 
V̇O2max). 

1,080 minutes exercise-heat 
exposure at 49°C, 20% RH. 

Cycle V̇O2max improved by 
4% in hot (49°C, 20% RH) 
and temperate (21°C, 30% 
RH) conditions following 
HA. PPO was improved by 
2% in the heat and 4% in a 
temperate environment.  
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Hue et al., 2006 16 regional level swimmers. 
Tropical climate (n=6), 
altitude group (n=6), 
tapering group (n=4).  

14 training sessions over 8-
days (~60 km swam) in two 
training groups, 6 km (×2 
sessions) swam in tapering 
group.  

Tropical: 30°C air, 30°C 
pool water (0 m). Altitude: 
1,800 m, 0-7°C air, 27°C 
pool water. Taper: 12-18°C 
air, 27°C water (0 m). 

400-m freestyle at pre, 10- 
and 30-days after training 
(27°C). Only reported 
changes were a 10 second 
improvement in 
performance time following 
30-days tropical training and 
a 6% poorer performance 
10-days following the 
tapering session.  

Scoon et al., 2007 6 male distance runners 
(17.5 minute 5-km run time). 
Balanced cross-over design 
with three-week washout.  

Three week normal training 
with or without additional 
sauna exposure 
immediately after (~350 and 
~410 minutes total training, 
respectively, with ~50% 
being high intensity).   

Sauna condition: 385 ± 81 
minutes in 90°C (~12 × 30 
minute sessions).   

Run TTE (Tamb unspecified) 
was increased by 32%- 
equivalent to a beneficial 
1.9 ± 0.7% change in 5000 
m TT performance.   

Lorenzo et al., 2010 12 PL3-4 (10 male, 2 
female) cyclists (V̇O2max: 
66.8 mL·min

-1
·kg

-1
, PPO: 

5.4 W·kg
-1

, range 260-430 
W).  HA and CON 
conditions (n=4 crossover).  

10-days HA or CON 2 × 45 
minute bouts, separated 
with 10 minute rest, cycle 
exercise at ~50% V̇O2max.  

HA (40°C, 30% RH) CON 
(13°C, 30% RH). Total heat 
exposure: 1,000 minutes.  

Tre increased (1°C) with 
water bath prior to LT test 
and V̇O2max test. HA 
increased V̇O2max (8% hot, 
5% cool), LT (5% hot and 
cool) and 60 minute TT 
performance (8% hot, 6% 
cool) in hot (38°C, 30% RH) 
and cool (13°C, 30% RH) 
conditions, attributed to PV 
expansion and greater Q̇C;  
all measures were 
unchanged following the 
CON condition.  
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Buchheit et al., 2011 15 semi-professional male 
soccer players.  
No CON group.  
No data on fitness. 

6-days HA involving 
reproduced typical in-
season soccer training.  

450 minutes at 39.8°C, 27% 
RH 

PV expansion: 4.7%, 7% 
increase in Yo-YoIR2 
performance test in 
temperate (22°C) conditions 
following HA, correlated to 
sub-max exercising heart 
rate.  

Chen et al., 2013 14 male PL2 badminton and 
table tennis players (V̇O2max: 
53.0 ± 5.3 mL·min

-1
·kg

-1
). 7 

in HA group and 7 in CON 
group.  

5-days cycling HA (38°C, 
53% RH) or CON (24°C, 
48% RH). Starting at a 
workrate of 10% below VT 
for 25 minutes and 
increasing by 5% and 5 
minutes each day until 
reaching a workrate of 10% 
above VT for 45 minutes on 
day 5.  

175 minutes at 38°C, 52% 
RH (HA group) or 24°C, 
48% RH (CON group) total 
exercise-heat exposure.  

TTE in the heat (38°C) was 
improved (6.6%) in the HA 
group and not the CON 
group, V̇O2max in the heat 
was unchanged. TTE and 
V̇O2max in a temperate 
environment (24°C) were 
unchanged in both groups.   

Buchheit et al., 2013 17 professional male 
Australian Rules Football 
players.  

No data on fitness.  

Two-week camp involving 
football specific skills 
training in the heat. 
Concomitant hypoxic 
exposure (FIO2: 14.3-
15.2%, 14 h·d

-1
, 12-days) in 

one group (n=9). Matched 
training load between two 
groups.  

690 minutes at 32°C plus 
~820 minutes training (22-
23°C) and 900 minutes 
incidental heat exposure.  

Temperate (23°C) Yo-
YoIR2 improved (+44%) 
following HA.  

Chalmers et al., 2014 Systematic review of the 
literature on short-term HA 
for team sports (includes 
eight papers). 

Inclusion criteria: short-term 
HA intervention, 
performance measure 
outcome, healthy human 
adults, primary data.  

<8 heat exposures, with 
total exposure ~320 (range: 
150-360) minutes.  

Aerobic-based tests of 
performance benefit from 
short-term HA training but 
peak anaerobic power 
efforts   
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Corbett et al., 2014 Leading review on the 
literature regarding the 
ergogenic effect of the heat- 
seven main papers. 

Various short- and long-
term HA utilising fixed-work 
rate and controlled 
hyperthermia techniques.  

385 minutes – 1,080 
minutes HA.  

Adaptations elicited by HA 
have the potential to 
increase V̇O2max, LT and 
economy. Call for further 
research to confirm effects 
reported and clarify 
contribution of thermal and 
non-thermal mechanisms.  

Bradford et al., 2015 8 PL3 male swimmers 
(cycling V̇O2peak: 55.5 ± 4.3 
mL·min

-1
·kg

-1
; PPO: 380 ± 

36 W). 7 participants 
completed a cross over 
design. 

7-days warm (33°C) or 
temperate (28°C) swimming 
(60 minutes).  Constant 
intensity and intervals- 
replicated between 
conditions but no 
physiological measures. 

380 minutes total warm 
water swimming (33°C).  

20 minute swim distance 
trial performances were not 
improved in temperate 
(+0.3%) or warm (+0.3%) 
water. The effect of HA on 
cycling performance (29°C, 
60% RH) was unclear 
(+0.4%).  

Karlsen et al., (2015) 18 PL3-4 male cyclists 
(V̇O2max: 63.0 ± 4.6 mL·min

-

1
·kg

-1
). Cool control n=9, HA 

n=9 (between-subject 
design).  

2-weeks Hot (34.1°C, 18% 
RH) or Cool (4.7-13.2°C, 
39% RH) training involving 
a warm up, high intensity 
intervals and moderate 
intensity cycling.    

Hot: 13:01 ± 1:06 h:mm per 
week (~1,560 minutes total 
exercise-heat exposure).  

No change in Cool (4.7-
13.2°C, 39% RH) V̇O2max, 
PPO and 43.5 km cycle TT 
performance. Hot (34.1°C, 
18% RH) TT mean power 
(+16%) and performance 
were improved (15% 
shorter). 7.2% increase in 
tHbmass in the HA group.  

Keiser et al., 2015 7 PL3 males (V̇O2max: 61.2 ± 
4.4 mL·min

-1
·kg

-1
). 

Balanced cross over design 
(3-month washout). 10-days 
HA or Control (18°C, 30% 
RH). Matched CV strain 
between conditions.  

900 minutes at 38°C, 30% 
RH total heat exposure.  

HA improved V̇O2max and 30 
minute TT performance in 
the heat (~10%) but not in 
temperate conditions. 
Clamped starting Tre using 
water bath.  
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Neal et al., 2015 10 PL3 male cyclists 
(V̇O2max: 63.3 ± 4.0 mL·min

-

1
·kg

-1
; PPO: 385 ± 40 W). 

Short-term (7-days) 
exercise-HA with 
dehydration. 
Controlled hyperthermia. 

570 minutes at 40°C, 50% 
RH total heat exposure. 

No change in 20 km cycle 
TT performance (22°C, 50% 
RH) but evidence of 
reduced thermal and CV 
strain plus improved LT, 
PPO and mean TT power.  

Garrett et al., 2015 
(Conference abstract) 

10 PL1-2 males (V̇O2max: 
45.3 ± 6.5 mL·min

-1
·kg

-1
). 

Short-term (5-days) 
exercise-HA with 
dehydration. 
Controlled hyperthermia. 

450 minutes at 39.5°C, 50% 
RH total heat exposure. 

Intermittent EST: improved 
MavP in H (35°C) and TN 
(11°C) environments and 
TTE in TN. No change in 
sprint power or TTE in 
control condition (11°C).  

Zurawlew et al., 2015 17 PL3 males (intervention 
[n=10]: V̇O2max: 60.5 ± 6.8 
mL·min

-1
·kg

-1
; control [n=7]: 

V̇O2max: 60.1 ± 8.9 mL·min
-

1
·kg

-1
). 

Between-subjects design. 
Short-term (6-days) 
programmes involving 
exercise (40 minutes 
running at 65% V̇O2max, 
18°C) followed by either hot 
(40°C) or temperate (34°C) 
water immersion (40 
minutes.  

Following exercise (total 
240 minutes) (Tre +1.1°C), 
240 minutes immersion in 
hot (40°C) water bath (Tre + 
additional 1.0°C). Total Tre 
>38.5°C area under curve: 
156(83)°C/minute.  

5 km treadmill running time 
trial performance was 
improved (4.9%) in the heat 
(33°C) following HWI (n=8), 
but HWI do not alter TT 
performance in a cooler 
environment (18°C).  

Chalmers et al., 2016 Study 1 trained male 
triathletes and runners 
(n=18), Study 2 local male 
athletes (n=23).   

Five (Study 1) or four (Study 
2) perceptually regulated 
(RPE) treadmill running 
sessions in hot (35 °C, 30% 
RH) or mild (19°C, 30% RH) 
conditions. Pre- and post-
training incremental tests 
conducted in mild conditions 
to determine speed at 
second lactate threshold. 

Mixed-intensity exercise-
heat (35°C, 30% RH) 
exposure lasting: Study 1: 
170 minutes; Study 2: 240 
minutes. 

Study 1: no change in 
speed at LT in hot 
(+1.2[3.0]%) or mild 
(+1.3[2.8]%) group. 

Study 2: heat training did 
not substantially change 
speed at LT (+1.9[4.3]%), 
an increase was reported in 
the mild group (+2.3[2.3]%).  
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Philip et al., 2016 12 semi-professional male 
Australian Rules Football 
players completed a 
parallel-group study design. 
Study was in addition to 
their normal training.  

Cycled for 50 minutes at 
70% heart rate reserve on 
five consecutive days in 
either hot (35°C, 56% RH, 
n=6) or cool (15°C, 81% 
RH, n=6) conditions. 
Performance, assessed by 
a graded intermittent 
running test tested pre, 1-
day post and 3-days post 
training, in a 17°C, 58% RH 
environment.     

250 minutes exercise-heat 
exposure to 35°C, 56% RH 
or 15°C, 81% RH. Total 
training loads were similar 
between heat and cool 
groups.  

No worthwhile between-
group differences on 
velocity in the performance 
test but a likely small 
increase from pre to 3-days 
post both groups. Similar 
performance benefits in 
heat and cool despite heat 
group achieved these 
despite performing ~30% 
less mechanical training 
load during cycling.    

PL: Performance Level (De Pauw et at., 2013); HA: Heat Acclimation; TT: Time Trial; LT: Lactate Threshold (W); PPO: Peak Power Output (W); CV: 
cardiovascular; V̇O2max: maximal oxygen consumption (mL·min

-1
·kg

-1
); EST: Exercise Stress Test; MavP: Mean average Power (W); TTE: Time To 

Exhaustion (minutes); H: Hot; TN: Thermoneutral; C: Cool; tHbmass: total Haemoglobin mass (g); Tre: rectal temperature (°C); VT: Ventilatory 
Threshold; Q̇C: cardiac output; Tamb: ambient temperature; HST: Heat Stress Test; RPE: Rating of Perceived Exertion; RH: relative humidity.  
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 Heat acclimation and dehydration  2.6

Dehydration is the process of losing body fluid resulting in hypohydration, the 

extent of which can be described by the percent loss of body mass. Endogenous 

metabolic heat production and exogenous heat stress both result in dehydration 

via sweating and insensible heat losses, and dehydration and exposure to heat 

share similar physiological responses but contribute in various proportions to these 

responses (Akerman et al., 2016). These synergies make it difficult to separate the 

relative contribution of these factors during the measurement of adaptation to 

exercise-heat stress. Dehydration may act as an independent stimulus (e.g. 

increased osmolality and decreased fluid volume) for acute exacerbation of heat 

stress and it needs to be understood whether these and the shared acute effects 

stimulate or impair adaptations (Akerman et al., 2016). It is important to determine 

whether dehydration, particularly to an ecologically valid mild-moderate degree (2-

3% BML), incurred during HA is helpful or harmful, since this is often encountered 

in training when fluid replacement is restricted or insufficient (Rehrer & Burke 

1996; Sawka et al., 2011), particularly in the summer, and athletes tend to have 

higher sweat rates (Phillips et al., 1984; Sawka et al., 2011) and could limit training 

or adaptation. Furthermore, athletes might be more likely, ecologically, to incur 

greater hypohydration due to their higher Tc tolerance, work rates and sweat rates 

than less trained people, making this investigation particularly important in this 

cohort. Moreover, since hypohydration confers greater strain than when 

euhydrated, it may provide a more time efficient alternative for conditioning, 

particularly when combined with heat stress, which might be more appealing to 

athletes to reduce expenses and disruption to other competition preparations (or 

useful for occupational demands i.e. rapid military deployment to a hot location).  

In an indoor environment, such as the laboratory, relevant detrimental effects of 

hypohydration include: increased physiological and thermal strain; reduced blood 

and plasma volume; and consequently a reduced stroke volume, central venous 

pressure and cardiac output (Montain & Coyle, 1992). Additionally, performance 

(Cheuvront et al., 2010) and mood (Armstrong et al., 2012; Ganio et al., 2011) 

may be impaired. However, the exacerbated cardiovascular strain and tissue 
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temperature may enhance compensatory adjustments by acting as an additional 

stressor to stimulate adaptation. Thus, it is reasonable to suggest that dehydration 

might provide an additional (to heat) and beneficial conditioning stimulus for 

adaptation (Akerman et al., 2016). Following this augmented strain, fluid regulatory 

adaptations, involving afferent, central and efferent structural or functional 

components (Merry et al., 2009; Merry et al., 2010), could provide benefit for HA 

adaptation such as greater increases in PV via the renin-angiotensin aldosterone 

system. However, for some endurance athletes the body water expansion benefits 

associated with HA might be regarded as somewhat detrimental since, although 

thermoregulation is improved and the cardiovascular system supported, the 

increase in body mass could outweigh these benefits. Furthermore, high 

magnitudes of hypohydration might interfere with muscle metabolic control, protein 

synthesis and hypothalamic adaptations to HA (Schliess, 2006; Schliess et al., 

2003; Schwimmer et al., 2006) as well as have cognitive (Gopinathan et al., 1988) 

and psychosocial effects. The timing of rehydration might play a role in the 

strength of the adaptive stimulus since data from Costill et al. (1976) suggest that 

early rehydration might impair accumulation of PV following mild dehydration and 

adaptive stimuli such as lower central venous pressure persist even after satiety 

one hour following exercise induced mild dehydration. However, it might also be 

important to replenish protein and carbohydrate soon after exercise (Goto et al., 

2010; Okazaki et al., 2009a; Okazaki et al., 2009b) since partial rehydration with 

carbohydrate and amino acid containing fluids increased plasma albumin content 

and PV restoration following a single bout of interval exercise (Okazaki et al., 

2009). Although, maintained hypohydration rather than rehydration has shown 

greater aldosterone responses (Kenefick et al., 2007), which regulate fluid 

retention and PV. It is outside the scope of this thesis to investigate whether it is 

possible to adapt to dehydration (Adolf et al., 1947) or its effects before or after 

HA, rather these studies examine the effect of dehydration on the development of 

HA itself.  

Relatively few studies have investigated the effect of dehydration on HA, and the 

key papers are summarised in Table 2.3 and discussed below. An emerging body 

of evidence indicates that in contrast to traditional guidelines for maintaining fluid 
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and electrolyte balance during HA (Bergeron et al., 2012), permissive dehydration 

during a short HA programme elicits greater adaptation than euhydration in some 

thermal and cardiovascular aspects of the HA response (Garrett et al., 2014). 

Garrett et al. (2014) achieved (‘permitted’) dehydration by completely restricting 

fluid intake during daily 90 minute isothermal heat strain (Tc = 38.5°C) acclimation 

bouts (40°C, 60% RH), except for 0.1 L given at the onset of exercise to limit 

perception of fluid deprivation, over a five-day exercise-heat acclimation 

programme. The use of the isothermal strain technique for exercise-heat exposure 

is important for this area of investigation since clamping thermal strain negates the 

effect of any additional thermal strain which would be induced by dehydration in 

addition to heat. Typically, longer 10-day HA programmes are used, and thus if 

similar benefits can be gained in a shorter period with permissive dehydration 

during HA training, this might be preferred. The authors suggested that increased 

fluid regulatory hormones (predominantly aldosterone) led to: a greater PV 

expansion (an additional 4.5%, P=0.06, which has been linked to a significant but 

trivial [0.8 kg, P=0.03] increases in body mass in unpublished research); earlier 

cardiovascular stability; and thermoregulatory improvement when the HA 

programme was accompanied by permissive dehydration than euhydration. As 

well as an increased PV expansion, Garrett et al., (2014) demonstrated a greater 

reduction in exercise heart rate (11 b·min-1, P=0.05), increased forearm perfusion 

and a lower Tre; however this study did not incorporate tests of endurance 

performance other than a preloaded incremental work test.  

Evidence for or against these observations is lacking. Two uncontrolled studies 

give support that dehydration does not impair HA and may enhance some 

aspects, even under short-term regimens (Garrett et al., 2012; Neal et al., 2015); 

the full time course of the dehydrated vs euhydrated responses has not been 

compared. Garrett et al., 2012 examined the influence of short-term HADe with 

permissive dehydration on endurance performance in a group of nine well trained 

endurance athletes (rowers). There was evidence of increased aldosterone 

concentration and a 4.5% PV expansion (large for a group that might already be 

near the upper limit for blood volume), reduced Tre and fc during a heat stress test, 

and improved (4 seconds, P<.05) 2 km rowing performance in hot conditions 
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(30°C, 60% RH, convective cooling: <0.5 m·s-1). However, this study had no 

control group and whether this approach to HA translates to a superior ergogenic 

effect in temperate conditions has not yet been established. It remains unknown 

whether dehydration during heat stress is beneficial, counterproductive or neither 

(Akerman et al., 2016).  
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Table 2.3. Research investigating the effect of dehydration on heat acclimation and exercise performance.  

Reference Participants Protocol Stress exposure Outcome 
Garrett et al., 2012 8 PL4 competitive male 

rowers (V̇O2peak= 4.9±0.2 

L·min
-1

; PPO= 400±27 W) 

5-days, 90 min·day
-1

 

controlled hyperthermia with 
10 minute fixed intensity 
HSTs (35°C, 60% RH) plus 
2 km performance test one 
day before and after HA.  

450 minutes at 40°C, 60% 
RH  
Permissive dehydration 
(2.1-3.0% body mass loss) 

Hot 2 km TT  improved by 4 
s (P=0.00) 

Garrett et al., 2014 9 PL3 males V̇O2peak= 60±7 

mL·min
-1

·kg
-1

; PPO= 340±30 

W) 

5-days, 90 min·day
-1

 

controlled hyperthermia with 
60 minute fixed intensity 
HSTs (time, 35°C, 60% RH) 
before and after HA. 
Crossover design with 
euhydrated (1.5 L) and 
dehydrated (0.1 L) 
conditions separated by a 5-
week washout. 

450 minutes at 40°C, 60% 
RH with and without 
permissive dehydration 
(1.7-2.0% body mass loss).  

PV expansion tended to be 
greater following 
dehydration (8%) than 
euhydration (4%). Greater 
reduction in cardiac 
frequency during exercise 
and improved resting 
forearm perfusion.  

Neal et al., 2015 10 PL3 male cyclists 

(V̇O2max= 63.3±4.0 mL·min
-

1
·kg

-1
; PPO= 385±40 W) 

5-days, 90 min·day
-1

 

controlled hyperthermia with 
permissive dehydration 
during and for an additional 
30 mins, with a 60 minute 
fixed intensity HSTs (time, 
40°C, 50% RH) before and 
after HA. 

450 minutes combined 
exposure, plus an additional 
120 minutes heat and 150 
minutes dehydration.  

Temperate lactate threshold 
(+16 W) and PPO (+6 W) 
improved. No change in 
temperate 20 km TT 
performance.  

     

PL: Performance Level (De Pauw et at., 2013); HA: Heat Acclimation; TT: Time Trial; LT: Lactate Threshold (W); PPO: Peak Power Output (W); 
V̇O2max/peak: maximal oxygen consumption; HST: Heat Stress Test; R.H.: Relative Humidity; PV: Plasma Volume    
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 Combined stressors- heat and hypoxia  2.7

With increasing altitude the ambient partial pressure of oxygen (PO2) is reduced 

due to the curvilinear decrease in barometric pressure. This reduces the slope of 

the oxygen transport cascade from the atmosphere to the tissues, resulting 

primarily in reduced oxyhemoglobin saturation and arterial PO2. To maintain 

adequate oxygen delivery to tissues, increased sympatho-adrenal activity elevates 

heart rate and cardiac output in conjunction with increasing levels of epinephrine, 

whereas norepinephrine levels may progressively increase over the initial six-day 

exposure (Mazzeo, 2008). Additional initial responses include stimulation of 

peripheral chemoreceptors in the aortic arch and carotid bodies to increase 

alveolar ventilation which induces respiratory alkalosis (Lahiri, 2000) and, together 

with increased respiratory water losses, decreases PV. Although PV loss reduces 

the total blood volume, since red cell volume is unchanged the oxygen carrying 

capacity per unit of blood is increased (Koller et al., 1991) and oxygen delivery is 

augmented for a given cardiac output. Other acute responses to hypoxic hypoxia 

include altered substrate metabolism (Brooks et al., 1991; Brooks et al., 1992; 

Roberts et al., 1996) and increased lactate production while V̇O2max is decreased 

(Mazzeo, 2008), meaning the relative intensity of submaximal exercise is greater 

(Green, 2000).  

One to three weeks of living at high altitude (1500+ m) or intermittent hypoxic 

exposure repeatedly perturbing homeostasis induces chronic physiological 

adaptations, possibly mediated by Hypoxic Inducible Factor-1 (HIF-1) and Heat 

Shock Protein (HSP) pathways (Ely et al., 2014). The foremost adaptation 

following chronic exposure is erythropoiesis, which increases the number of 

erythrocytes and improves the oxygen carrying capacity of the blood (Garvican et 

al., 2012; Garvican-Lewis et al., 2015; Levine & Stray-Gundersen, 2005; 

Reynafarje et al., 1964; Robach et al., 2006). Together with an increased capillary 

density and greater arterio-venous oxygen difference, enabling a reduced cardiac 

output for a given metabolic oxygen demand, these changes can improve oxygen 

delivery to muscles as well as economy (Gore & Hopkins, 2005). Diuresis occurs 

following both acute and chronic hypoxic exposure and PV has been reported to 
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decrease by 25% following two-to-three weeks exposure but could eventually be 

restored (Young & Young, 1988; Bailey & Davies, 1997). Despite a significant 

decrease in PV following the altitude training reported by Levine & Stray-

Gundersen (1997), a reduction in total blood volume was offset by the increased 

red cell mass resulting in an increased oxygen carrying capacity (Levine & Stray-

Gendersen, 1997; Wolfel et al., 1991). Other adaptations to chronic hypoxic 

exposure include continued carotid body-mediated increased minute ventilation to 

improve oxygen loading saturation (Smith et al., 1985) and metabolic adaptations 

which augment oxidative and glycolytic metabolism (Green et al., 1985). 

Enhanced mitochondrial density, aerobic enzymes and capillarisation, which 

improve oxygen delivery to tissues (MacDougall et al., 1991), also occur.  

In terms of the intracellular signalling provided by hypoxic stress, by way of the 

HIF-1α pathway, hypoxia is evidenced to stimulate erythropoietin (Semenza & 

Wang, 1992), vascular endothelial growth factor (VEGF) (Pugh & Ratcliffe, 2003) 

and intracellular nitric oxide synthase (NOS) (Lu et al., 2006) expression as well as 

transporters for metabolic and fluid regulatory mechanisms and carotid body 

sensitivity (Umschweif et al., 2013). Separately, heat stress, is known to signal 

increased extracellular NOS activity, steroid hormone receptors and epithelial 

barrier integrity (Hotchkiss et al., 1993). Although, these heat (HSP) and hypoxic 

(HIF-1α) pathways may interact and induce genes for several downstream effects, 

including the production of hormones, enzymes and receptors associated with 

each individual stressor (Ely et al., 2014). For example, cross-stressor research 

has shown that repeated exposure to heat stress might enhance tolerance to a 

subsequent hypoxic stress (Gibson et al., 2015 Lee et al., 2016). HSPs interact 

with the HIF-1 pathway by increasing molecular stability of HIF-1α, resulting in 

reduced degradation and enhanced HIF-1a transcription. Alternatively, HIF-1 

controls heat shock transcription factor 1 levels so can also be a cross-regulatory 

mechanism for sensitising heat shock pathway activity to maximise the production 

of protective HSPs.  

When comparing the systemic and cellular adaptations to heat and hypoxic stress 

in isolation, it is evident that adaptations to these environmental stressors might 

provide synergies since they share several common adaptive components, 
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including: molecular pathways (Ely et al., 2014); reduced heart rate (Grover et al., 

1986; Tyler et al. 2016), and; reduced lactate accumulation (Febbraio et al., 1994; 

Young et al., 1985). On the other hand, and of particular significance, are the 

opposing PV responses; expanded PV might be important for improving 

endurance exercise performance in both hot and temperate environments through 

improved cardiac output and V̇̇O2max (Lorenzo et al., 2010). However, both short- 

and long-term responses to hypoxia induce a reduction in PV (Young & Young, 

1988; Bailey & Davies, 1997), while HA augments PV (Senay et al., 1976). Thus, 

the combined effect of these stressors on the change in PV should be investigated 

- can the heat stress offset the reduction in PV with hypoxic exposure? Indeed, if 

PV can be maintained or expanded when these stressors are combined and the 

erythropoietic capabilities of hypoxia are also maintained, there could be large 

potential for greater improvements in total blood volume and oxygen carrying 

capacity of the blood.  

To date, few studies have examined adaptation to heat and hypoxia in 

combination (Buchheit et al., 2013; Crowcroft et al., 2015; McCleave et al., 2016; 

Takeno et al., 2001- see overview in Table 2.4) and those that have, do not 

describe the strain induced by the hypoxic stimulus i.e. oxygen saturation. Takeno 

et al. (2001) recruited four groups of five men who completed a combination of 

high (simulated hypobaric hypoxia, equivalent to 2,000 m) or low (610 m) altitude 

and exercise in a hot (30°C) or temperate (20°C) ambient temperature at a 

constant workload, equivalent to 60% V̇O2max for 60 minutes on 10 consecutive 

days. They hypothesised that endurance training at high altitude would expand EV 

and increase oxygen conductance in muscles while HA would expand PV. 

Together this could result in greater total blood volume (BV) expansion, than in 

either environment alone. All groups showed a significant increase in PV and 

V̇O2peak and the high groups showed an elevated EV. However, the high-warm 

condition did not increase V̇O2peak significantly more than the other groups, but the 

increase in BV, PV and EV in the high-hot group did numerically tend to be greater 

than any of the other groups. Nevertheless, the authors acknowledged that the low 

number of participants resulted in an underpowered study where type I errors were 

likely; yet they did go on to conclude that combined heat and hypoxic stressors 
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expand EV and PV to improve total blood volume without haemodilution and thus 

improve aerobic capacity, on the basis of reporting a large effect size. Moreover, 

this paper did not demonstrate a clear HA adaptation effect for key parameters 

such as skin temperature or distinguish clear condition effects.  

A more recent study (Buchheit et al., 2013) recruited two groups of professional 

Australian Rules footballers who were either exposed to heat (32°C) and normoxia 

(NORM) or heat and (normobaric) hypoxia (14 ± 1 h·day-1, equivalent to 2500-

3000 m altitude) (HYP) during a two week training camp. Performance (Yo-Yo-

Intermittent Run 2 test [Yo-YoIR2]) and haematological measures were assessed 

(at 22°C) at the mid-point, at the end of the two-week camp, after one week of 

temperate training, and after three more weeks of unsupervised training. The 

results revealed no difference between the HYP and NORM groups in the 

expansion in PV immediately after the training camp and a likely increase in 

tHbmass was seen only in the HYP group immediately post-camp and was 

continued at 4-weeks. BV expansion was likely (HYP) and very likely (NORM) to 

be increased immediately post exposure, and after 4-weeks BV was further 

increased in the HYP group but returned to baseline in NORM, resulting in clear 

between group differences. A complete thermal adaptation profile was not 

demonstrated in either group; exercising heart rate and sweat sodium 

concentration ([Na+]) were reduced similarly in both groups, but sweating was not 

augmented and measurements of core and skin temperature were not reported. It 

seems that this level of heat exposure might be sufficient to offset the reduction in 

PV accompanying altitude adaptation, or, the degree of hypoxia was insufficient to 

negatively impact PV, although it was enough to increase tHbmass. The authors 

conclude that, compared to training in the heat only, an additional hypoxic stimulus 

during sleep and some training sessions has no high-intensity running 

performance benefits immediately after the ‘live high-train low in the heat’ camp (∆ 

Pre v Post Yo-YoIR2: -1%). However, the performance gains (+44%) that were 

seen could have been due to a training effect since the camp was at the start of 

the season and there was no control group. Nevertheless, no apparent adverse 

effects of combining heat and hypoxic stress were observed, although more, 

controlled, research is needed.  
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One other study (Crowcroft et al., 2015) combined stressors during a three week 

heat (32°C, 50% RH) plus hypoxia (16.6% O2 normobaric hypoxia) or temperate 

(21°C, 50% RH, 21% O2) training programme and three week temperate taper. 

Unfortunately, they did not assess the extent of adaptation to heat before or after 

either programme. The most current research from McCleave et al., 2016 included 

25 trained distance runners in three separate groups: Hot (train at 33°C, 60% RH, 

13.5 h total), Hot + High (14 h·day-1 exposure to an FiO2 of 14.4%, trained at 33°C) 

and Control (trained at 14°C, 55% RH and < 600 m), where they completed 21 

days, including three interval sessions per week, of exposure to these conditions 

in addition to their training. A 3 km running time trial was completed before, 

immediately after and three-weeks post exposure and data suggest that 

performance was improved only in the H+H group but only at +3 weeks and was 

not correlated with any physiological adaptations such as blood volumes. 

Furthermore, there was limited evidence of HA, a potential difference in baseline 

characteristics between groups and potential for a type I error with the particular 

series of statistical analyses used.   

In summary, combining heat and hypoxia may increase total blood volume. The 

only evidence thus far suggests that high-warm training does expand blood 

volumes but does not increase V̇O2peak significantly more than HA alone (Buchheit 

et al., 2015; Takeno et al., 2001). However, these studies were severely 

underpowered or likely to include a training effect and other contributing factors, 

such as ethnicity and training status of the participants, was unclear. Accordingly, 

whether adding hypoxia to HA results in an additive adaptation effect (Lloyd & 

Havenith, 2016) to the suite of HA parameters, should be investigated. 
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Table 2.4. Research investigating the effect of hypoxia on heat acclimation and exercise performance.  

Reference Participants Protocol Stress exposure Outcome 
Buchheit et al., 2013 17 professional Australian 

Rules Football players 
Between subjects design. 
Training in the heat with 
(n=9) or without (n=8) 
overnight and cycling 
hypoxic exposure for two 
weeks. Followed by an 
unloaded week and then 
unsupervised training. Yo-
YoIR2 test completed in 
temperate conditions (23°C) 
pre, post and 4 weeks later.   

Usual training in the heat: 
(29-33°C) 690 minutes of 
skill specific training; 258 
minutes of interval cycling 
sessions (22°C); 558 
minutes indoor strength 
sessions (23°C) plus 900 
minutes incidental outdoor 
heat exposure. Hypoxic 
group were also exposed to 

a total of 12 nights (14 h·day
-

1
) of normobaric hypoxia 

(equivalent to 2500-3000 m) 

Hypoxia and normoxic HA 
groups both improved Yo-
Yo-IR2 performance (+44%) 
but there was no difference 
between groups. Various 
haematological adaptations 
reported at different time 
points following HA.  

Crowcroft et al., 2015 18 male cyclists (V̇O2peak= 
intervention group: 63.3 

mL·min
-1

·kg
-1

; control group: 

60.7 mL·min
-1

·kg
-1

) 

3 weeks (12 interval 
sessions) hot (32°C, 50% 
R.H.) and high (16.6% FiO2, 
normobaric, n=9) or 
temperate (21°C, 50% RH) 
control (n=9) programme, 
plus 3 week (7 session) 
taper. Plus external training.  

261.5 minutes exercise 
during overload in both hot 
and high and temperate 
control groups, plus 128.5 
minutes exercise (no 
environmental stress) during 
taper.  

Temperate (21°C, 50% RH) 
TT performance after the 
programmes and taper was 
improved by 35 s, but no 
data on whether there were 
any between group 
differences. 

Takeno et al., 2001 20 men in four groups of five 

(V̇O2peak= 51-53 mL·min
-1

·kg
-

1
) 

Groups included: 1) low (610 
m) cool (20°C, 50% RH); 2) 
high (2000 m) cool; 3) low-
warm (30°C), and; 4) high-
warm. 10 days (60% 

V̇O2peak, 1 h·day
-1

).  

600 minutes total exposure 
to specific combination of 
stressors. 

V̇O2peak +7-11% in all groups 
(including control) and no 
difference between groups. 
Similar increase in BV and 
PV in all groups. EV 
increased in high groups 
only.   
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McCleave et al., 2016 

 
26 PL3 male and female 
distance runners (V̇O2peak= 

H+H group: 62.6 mL·min
-

1
·kg

-1
; Hot group: 65.1 

mL·min
-1

·kg
-1

; control group: 

64.9 mL·min
-1

·kg
-1

). 

 
Multi-centre study. 
Completed one of three 21-
day programmes: hot and 
high (H+H) (n=10) 
(normobaric hypoxia 
FiO2=14.4%, 14 hday

-1
, 13.5 

h heat, 33°C, 60% RH); Hot 
(live and train <600 m); 
Control (live and train at 
<600 m, 14°C, 55% RH). 3 × 
90 minute treadmill sessions 
per week, maintained 
aerobic training  

 
810 minutes (+ additional 
150 minutes in non-
exposure period- heat 
response test) exposure to 
33°C, 60% RH in H+H and 
Hot group, (150 minutes 
heat exposure in Control 
group and training carried 
out ~12 to 14°C, 51 to 56% 
RH) and 17,460 minutes 
exposure to normobaric 
hypoxia (FiO2 = 14.4%).   

 
3% faster 3 km run TT three 
weeks post-Hot programme.  
pre immediately post +3 
weeks post, possibly greater 
than H+H (0.6% faster) and 
Control (0.3% faster). No 
changes in performance 
immediately post. No 
change in running economy 
in all groups. tHbmass 
increased by 3.8% in H+H 
and remained elevated at +3 
weeks.  

PL: Performance Level (De Pauw et at., 2013); HA: Heat Acclimation; TT: Time Trial; LT: Lactate Threshold (W); PPO: Peak Power Output (W); 
V̇O2peak: maximal oxygen consumption; HST: Heat Stress Test; R.H.: Relative Humidity; PV: Plasma Volume; BV: Blood Volume; EV: Erythrocyte 
Volume; Yo-YoIR2: Yo-Yo Intermittent Recovery Test 2; FiO2: Fraction of Inspired Oxygen.    
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 Summary  2.8

This review of the literature has described the process of adaptation with specific 

regard to responses to exercise-induced heat stress. A key topic which this 

research aimed to address, for which the existing literature has been critiqued, is 

the ergogenic potential of HA. Additionally, this review has provided discussions 

on the effect of combined stressors such as dehydration and hypoxia on heat 

acclimation. The overall aim of this series of studies was to provide a useful 

contribution to the literature which could also be adopted, or avoided, by the 

Olympic and Paralympic teams supported by the English Institute of Sport (EIS).   

The general hypothesis of this thesis was: 

Additional combined stressors (dehydration or hypoxia) would improve the time-

course and magnitude of HA, and HA would provide an ergogenic effect on 

temperate endurance performance. 
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3 GENERAL METHODS 

 Participants  3.1

Healthy male volunteers were recruited from the South of England between 

January 2014 and February 2016. Following familarisation with the laboratory, 

each participant gave informed written consent to take part in a specific research 

study which had been given favourable ethical opinion by the Science Faculty 

Ethics Committee at the University of Portsmouth (see Appendix) and was in 

accordance with the Department of Sport and Exercise Science Schedule of 

Approved Procedures and the Declaration of Helsinki (2013). A total of 40 

endurance trained males (Performance Level 3 [DePauw et al., 2013]; mean (SD) 

age: 23(5) years; height: 1.79(0.05) m; mass: 74.2(7.8) kg; maximal oxygen 

uptake: 59.5(7.3) mL·min-1·kg-1; peak power output: 357(48) W) were recruited in 

this series of studies: 10 in study one, eight in study two, 14 in study three and 

eight for study four. Sample sizes were calculated using G*Power (version 3.1.7) 

for each specific study dependent on study design.    

Sixteen of the participants were involved in cross-over design studies, resulting in 

56 HA regimens being completed in total. Two participants did not complete a 

single HA programme due to illness and four participants took part in half of a 

cross-over design study so were excluded from the repeated measures analyses 

in Chapter 6. Participants completed one or two programmes involving heat stress, 

dehydration, hypoxic exposure or cold exposure combined with exercise and these 

protocols are described in detail in the subsequent Chapters; the general methods 

are described below.  
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 Environmental conditions  3.2

3.2.1 Ambient temperature 

Ambient temperature was controlled during each experiment using a fast 

responding closed loop system which maintained a constant target ambient 

temperature and relative humidity (RH) (target conditions varied depend on  the 

test, described in the subsequent Chapters) of a 190 m3 room (Golden Chamber at 

the University of Portsmouth), within a narrow range. Ambient temperature and RH 

were measured independently of the chamber software during each experimental 

session using a wet bulb globe thermometer (TWBGT) which recorded minute 

average data using a data logger (Q800 Squirrel, Grant Instruments Ltd., 

Cambridge, UK). In the following Chapters actual dry bulb temperature and RH 

(calculated using Antoine’s equation) are reported for each specific test.   

3.2.2 Altitude tents 

Normobaric hypoxic gas (target 16% oxygen, equivalent to ~2500 m altitude) was 

delivered (unsurpassed 120 L·min-1 airflow) from a generator (Everest Summit II 

Generator, Hypoxico Systems, New York, NY, USA) through hosing and a Hepa 

filter to the participants in Chapter 6 who slept in a sealed nylon and vinyl portable 

altitude tent (153 cm × 204 cm × 150 cm, Hypoxico Systems, New York, NY, USA) 

for ~eight hours on 10 consecutive nights. Separate oxygen sensors (VN202 mkII 

oxygen analyser, Vandagraph Ltd., Keightly, UK) were used by the participants to 

verify tent ambient oxygen percentage each evening and morning. This daily 

duration of hypoxic was chosen since many endurance athletes use hypoxic tents 

in their own homes as part of their training regimens and this level of exposure is 

also experienced in many training camp locations.    

 Participant instructions 3.3

Participants were instructed to wear the same (cleaned) clothes (cycling shorts, 

shoes and socks) on each day in the laboratory. They were asked not to drink 

alcohol throughout the duration of the programme, or for 48 h before starting, nor 

to drink caffeine for 12 h preceding testing since these can modify fluid balance, 
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thermal, hormonal and cardiovascular responses (Roberts, 1963; Daniels et al., 

1998). In addition, participants were instructed to eat the same meal at the same 

time prior to each repeated exercise test and drink at least 0.5 L of water 2 h 

before each session. Participants were also instructed to maintain their usual 

training volume and detail this in a diary (see section 3.23). No extreme heat in the 

preceding month or altitude (> 2,000 m) stress in the preceding three months to 

the laboratory programmes was experienced by the participants, and three to 

seven months washout was used between cross-over heat acclimation conditions.  

 Exercise  3.4

3.4.1 Velotron™  

During exercise tests in a temperate environment, reported in Chapter 4, 

participants exercised on a Velotron cycle ergometer (Velotron, RacerMate Inc., 

Seattle, WA, USA) which determined the resistance of the exercise in conjunction 

with the relevant software for a graded exercise test (GXT) (Velotron CS 2008, 

RacerMate Inc., Seattle, WA, USA) and in a maximal 20 km time trial (TT) 

(Velotron 3D, RacerMate Inc., Seattle, WA, USA). Pre-set increments in external 

work rate (25 W) were initiated manually during the GXT and recoded by the 

software. Participants maintained a constant cadence throughout the GXT and the 

test was ceased when the participant reached volitional exhaustion or could no 

longer maintain the required cadence. During the TT participants followed a 

computer generated flat road course and were asked to maintain the same ‘gear’ 

on the bike and 3D software. No other persons were present virtually (i.e. using 

the computer software) or in reality, other than the experimenter (out-of-sight) and 

no verbal encouragement was given. Participants were blinded to all feedback 

except for the distance cycled. Prior to experimentation the Accuwatt™ verification 

program was run three times (at an ambient temperature of 21°C) to determine the 

accuracy of the system in comparison to the factory calibration values to ensure 

the reliability of the experimental tests. This involved load being applied to the 

system during a deceleration from 22 miles·hr-1 and a deviation of ±1.5% from the 

factory setting was accepted.  
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3.4.2 Lode Excalibur™  

During temperate tests reported in Chapters 5, 6 and 7, participants cycled on the 

Lode Excalibur (Lode B.V., The Netherlands), where pre-programmed protocols 

could be set to allow automatic increments (25 W) in resistance in the GXT (see 

Figure 3.1) and linear factors, for resistance dependent on cadence, to be tailored 

to each participant in a 30-minute work trial (T30). A linear relationship exists 

between the torque and the pedalling speed (RPM) and thus the workload (P [W]) 

is RPM dependent. The linear factor (α) refers to relationship between RPM and 

workload (P) [P = α × RPM2]. 

 

 

 

 

 

An individual’s linear factor was calculated from their preferred cadence for a time 

trial (usually around 90 RPM) and their power at lactate threshold (LT), determined 

in the earlier GXT, using the following equation: 

α = LT / (RPM2)  

Therefore, the faster the participant cycled the higher the delivered workload and 

greater the performance (work done in 30 minutes [J]). The saddle and handlebar 

position of the Lode Excalibur was adjusted to an optimal position for each rider; 

this was recoded and matched for repeated trials.   B 

A 

B 

Figure 3.1 GXT protocol.  A: 20 minute constant workload warm up (grey) followed by 
incremental lactate threshold test (filled) (Onset of Blood Lactate: 4 mmol·L

-1
) where 

resistance increased by 25 W every three minutes. B: After five minutes of rest and five 
minutes fixed low intensity exercise (grey), a ramped V̇O2max protocol began, with resistance 
increasing 25 W·min

-1
 until volitional exhaustion (filled).   
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3.4.3 CompuTrainer™  

During exercise in the heat participants cycled on road bikes mounted on 

calibrated (Davison et al., 2009) CompuTrainer cycle ergometers (RacerMate Inc., 

Seattle, WA, USA). Data for power output, RPM, and distance were recorded 

several times per second. Pilot testing suggested that the power output data from 

each CompuTrainer correlated with power data measured using an SRM 

Powermeter (Powermeter V, SRM, Jülich, Germany) in hot ambient environments 

(40°C, 50% RH) (r2 = 1.00, see Appendix) over the range of powers experienced 

in the studies (50-200 W) and was repeatable across time, equipment and 

temperature (hot vs. temperate). 

Throughout this thesis, the same protocol was used for heat stress tests (HST, 

Figure 3.2) and isothermal strain HA sessions (ISO, Figure 3.3); these are shown 

schematically, below. Equipment used to monitor physiological responses during 

these test are described subsequently. 
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Figure 3.2 Flow diagram of HST protocol used in all Chapters. 



Chapter 3: General methods 

57 

 

.  

 

Figure 3.3 Schematic of ISO protocol. Blood samples were only taken on ISO day 1. All other 
processes were completed on all ISO days.  
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 Hydration 3.5

During euhydrated exercise in the heat (HSTs and some ISO sessions) and 

following dehydrated ISO exercise in the heat (Chapters 4 and 5) participants 

ingested a 4% carbohydrate-electrolyte drink (SIS GO Electrolyte, Lemon & Lime 

flavour, Science In Sport, UK) in 0.25 L boluses immediately prior to exercise and 

at 15, 30, 45, 60, 75 and 90 minutes of exercise in the heat (or a total of 1.75 L 

following the session in some experimental conditions, described in the following 

Chapters). During the HSTs drink temperature was controlled at 20°C using a 

water bath (Grant Instruments Ltd, Cambridge, UK) to avoid providing a large heat 

sink when ingested, while remaining palatable. Participants were encouraged to 

drink ad libitum throughout the remainder of the day to ensure they arrived at the 

laboratory in a euhydrated state (see section 3.19) each day. Prior to every 

exercise bout hydration was assessed from a urine sample (Osmometer 3320, 

Advanced Instruments Inc., Norwood, MA, USA, coefficient of variation = 0.02%), 

in order to ensure that hydration status was similar before the repeated battery of 

tests, and to ascertain the extent to which participants were able to maintain 

hydration status across the course of the HA programmes. 

3.5.1 Dehydration  

Dehydration can be defined as a ≥ 2% loss in body weight due to water loss 

through sweat, diuresis or lack of sufficient fluid consumption; processes which are 

likely to occur during exercise, particularly in hot environments and are detrimental 

to performance (Judelson et al., 2007). Dehydration is therefore a key 

consideration in this body of research and was monitored daily (section 3.19) and 

following exercise in the heat (BML). Dehydration was induced through withholding 

fluid consumption during exercise in the heat in the studies reported in Chapters 4 

and 5.  
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 Anthropometry 3.6

3.6.1 Height  

The height of each participant was measured at the beginning of each experiment 

using a Stadiometer (Harpenden stadiometer, Holtain, UK).  

3.6.2 Mass  

Electronic weighing scales (precise to 0.001 kg) were used to measure nude body 

mass before and after daily exercise (Electronic Weight Indicator, Model I10, 

Ohaus Corporation, NJ, USA). 

3.6.3 Body fat percentage  

Body fat percentage was calculated according to Jackson & Pollock (1985) and 

the Siri (1961) equation using the sum of skinfolds, measured using callipers 

(Harpenden, Baty International, Burgess Hill, UK) at four standard sites on the 

body (triceps, iliac crest, abdominals and front thigh). 

Body fat (%) = (0.29288 × ∑SF) – ( 0.0005 × ∑SF
2) + (0.15845 × age) – 5.76377 

Where ∑SF = sum of the skinfolds (mm). 

 Temperature  3.7

3.7.1 Core temperature 

Throughout this series of studies Tre was used to measure deep body temperature 

and indicate Tc, through the use of a rectal thermistor (Grant Instruments, 

Cambridge, UK) self-inserted 15 cm beyond the anal sphincter (Lee et al., 2010). 

This measurement site was selected since it provides a stable measurement and 

other estimates, including forehead, sublingual, temporal, aural and axillary 

measurements, are invalid in comparison (Ganio et al., 2009). Valid alternatives, 

such as oesophageal temperature or the telemetric pill, are associated with other 

draw-backs such as providing severe discomfort/impractical in an athletic, 

exercising population, and are expensive, respectively. Data were recorded in 
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combination with a data logger (Squirrel, Grant Instruments, Cambridge, UK) 

sampling temperature every second and generating minute average data. 

Accuracy of the rectal thermistors was assessed at 1°C intervals over the 

expected temperature range (35 – 41°C) prior to experimentation using a precision 

temperature controlled water bath (Grant Instruments Ltd, UK) and a certified 

(UKSA calibration) precision thermometer (Digitron T600 fast response probe, 

Elektron Instruments Ltd, Torquay, England). Thermistors which deviated > 0.02°C 

from each temperature were not used in the experiments.  

3.7.2 Skin temperature 

Skin temperature was measured at four right-side sites: chest, biceps, thigh and 

calf, using bespoke skin thermistors (Concept Engineering, Old Saybook, CT, 

USA) connected to a data logger (2040, Squirrel, Grant Instruments, Cambridge, 

UK) during the pre-/post-tests. Mean skin temperature (T̅sk) and mean body 

temperature (T̅b) were calculated according to Ramanathan (1964) and Sawka et 

al., (1996), respectively. The selected weighting for core:shell compartments in the 

calculation for T̅b were chosen since Jay et al. (2006) suggest that at higher 

temperatures the shell provides a minimal portion of T̅b and variation in cutaneous 

blood flow can influence T̅sk. 

T̅sk = (0.3 × TChest) + (0.3 × TBiceps) + (0.2 × TThigh) + (0.2 × TCalf) 

T̅b = (0.9 × Tre) + (0.1 × T̅sk) 

 Cardiac frequency  3.8

Cardiac frequency (fc) was recorded by short range telemetry (Polar RS800, Polar 

Electro, Kempele, Finland) sampling at five second intervals throughout each test 

and minute average data were used in the analyses.  

 Sweat rate  3.9

Local sweat output at the upper back was measured in real time (TestWorks 

software, WR Medical Electronics Co., Maplewood, MN, USA) by the Q-Sweat 

Quantitative Sweat Measurement System (Q-Sweat, WR TestWorks, WR Medical 
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Electronics Co., Maplewood, MN, USA) during fixed intensity exercise in the heat 

at different stages of various HA regimens. The Q-Sweat used ‘dry’ room air drawn 

across a desiccant (Indicating Drierite, WA Hammond Drierite, Xenia, OH, USA) 

flowing (60 mL·min-1) to the skin to remove moisture (sweat) into a measurement 

capsule (0.787 cm2). Mass ‘wet’ airflow from the skin transported the moisture to 

temperature and humidity sensors (Honeywell International Inc., MN, USA) which 

determined the increase in the fractional relative humidity (partial water vapour 

pressure) of the air returning from the skin relative to the dry air and calculated the 

amount of water that was evaporated into the air using the Ideal Gas Law. Data 

were sampled every 0.25 seconds and were simultaneously viewed in real time 

using the software.   

The rate of whole-body sweat production (WB SR) was calculated following 

exercise on each day using measurements of pre- and post-exercise dry nude 

body mass, to the nearest 0.001 kg, using precision weighing scales (Industrial 

Electronic Weight Indicator, Model I10, Ohaus Corporation, NJ, USA). Duration of 

exercise, urine output and fluid intake were taken into account when calculating 

whole body sweating, as described in the following equation: 

WB SR = ((massPre – massPost) + fluid consumed – urine output) / exercise 

duration 

When, 

WB SR is measured in L·h-1 

Nude mass, fluid consumed and urine output is measured in kg, and 

Exercise duration is measured in hours.  

 Sweat composition  3.10

A custom-made sweat patch, constructed from sterile Tegaderm™ (Tegaderm™ 

Dressings, 3M, St. Paul, Minnesota, USA) and Parafilm® (Bemis NA, Neenah, 

Wisconsin, USA), collected sweat secreted from the upper back (adjacent to the 

Q-Sweat), as shown in Figure 3.4, during fixed intensity exercise in the heat 

(HSTs). Sweat accumulated between the patch and the skin and a pipette was 
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used to sample aliquots of sweat to be stored in a -80°C freezer in 1.5 mL 

Eppendorf tubes for subsequent batch analysis where sodium concentration [Na+] 

was assessed using flame photometry (Flame Photometer 410, Sherwood 

Scientific Ltd, Cambridge, UK, coefficient of variation = 0.04%). During this 

technique ions in the sweat sample are first aspirated then vaporised by a low 

temperature flame, molecules dissociate and atoms absorb heat energy to reach 

an excited energy level. When these atoms return to the ground state they emit 

radiation; the wavelength of the light emitted from the flame is characteristic of a 

particular element. In this case an optical filter for sodium was used to determine 

[Na+] at a wavelength around 589 nm (yellow flame) and the intensity of the light is 

proportional to the concentration of ions within the sample; the radiation is 

converted to an electrical signal by a photo detector. Prior to aspirating sweat 

samples of unknown [Na+] the photometer was blanked with distilled water and a 

standard curve was generated using five standards of 11, 22, 44, 66 and 88 mM 

Na+; this curve was then used to determine the true [Na+] of each sweat sample.  
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Sweating area 

Collection area 

Sample using a pipette Stick to skin 

Stick to skin 

Stick to Parafilm (B) (In 
contact with skin) 

 
   

 (In contact with 
Tegaderm- non-stick) 

Stick to ½ 

Tegaderm(C) 

Stick to Tegaderm 

Stick to skin 

A B C 

D 

Stick to skin 

60 mm 

95 mm 60 mm 

50 mm 60 mm 

45 mm 

Figure 3.4. Sweat patch design. A sealed custom made sweat patch which allows an area of the 
skin to sweat and this sweat to be collected without evaporation or contamination. Tegaderm

TM
 

(blue) (adhesive on one side) and Parafilm (black) are used to create a patch which adheres to 
the skin during exercise. A adheres to B, giving a non-stick area for sweating and sweat 
collection (black), which is surrounded by a sticky area to seal the patch to the skin. C then sticks 
to A around the edges and to the skin (blue and red), coming together to make the patch (D) to 
allow sweat collection and subsequent sampling. 



Chapter 3: General methods 

64 

 

 Skin blood flow 3.11

Blood flow in the microvasculature of the forearm, such as the capillaries close to 

the skin surface and the arterioles and venules involved in the regulation of skin 

temperature, was measured non-invasively using the laser Doppler technique. 

Low power light from a monochromatic stable laser incident on tissue is scattered 

by moving red blood cells (~1 mm depth) and as a consequence the frequency is 

broadened (the Doppler principle), with the frequency shift being proportional to 

the average speed of red blood cells. This light, along with the laser light scattered 

from static tissue is photo-detected with a probe (MP1/7, Moor Instruments Ltd., 

Exeter, UK) and a blood flow measurement can be determined from the resulting 

photocurrent. The laser Doppler unit (Moor Instruments Ltd., Exeter, UK) was used 

in conjunction with the PowerLab data acquisition system (AD Instruments, 

Australia) and LabChart software (version 7), sampling at 200 Hz, to record the 

skin blood flow. Each probe was calibrated with the laser Doppler unit and 

LabChart against a standard flux solution (Moor Instruments Ltd., Exeter, UK) just 

prior to use. The calibration solution contained polystyrene microspheres in water 

and used the principle of Brownian motion to produce reference flux signals at 

around 220 flux units. In this body of work skin blood flow was measured during 

rest and exercise on several days throughout each study and in order to compare 

skin blood flow it was important to take the measurement from the same site since 

the microvasculature varies throughout the body; the exact anatomical position 

was measured and marked on the skin and visible blood vessels, freckles and 

tattoos were avoided; all participants were Caucasian.  

 Oxygen uptake 3.12

During graded exercise tests and performance trials, an online gas analysis 

system performed breath-by-breath analysis of CO2 and O2 fractions in expired air 

and determined expired volume (V̇E) from the flow through a turbine to calculate 

oxygen uptake (V̇O2). Participants exercised wearing a facemask connected to the 

COSMED (Quark B2, COSMED, Rome, Italy) system which had been calibrated 

immediately prior to the test using the flow from a 3 L syringe through a turbine for 
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volume calibration and a two-point calibration using air and a gas of known 

concentrations for oxygen (17.19%) and carbon dioxide (5.13%) fractions.   

During heat stress tests, where exercise intensity in the heat was fixed, expired 

gases were collected using Douglas bags at rest, and at 15, 30, 45 and 60 

minutes of exercise to determine V̇O2. Participants breathed through a low 

resistance, two-way valve (Hans Rudolph Inc., Shawnee, KS, USA) connected to 

a Douglas bag (150 L) for one minute during exercise and two minutes at rest 

while their nose was occluded by a clip. Subsequently, collected gas was dried 

(Indicating Drierite, WA Hammond Drierite, Xenia, OH, USA) before being pumped 

through a fast-responding gas analyser (Rapidox 3100 Dual Gas Analyser, 

Cambridge Sensotec, St Ives, UK) to analyse the fraction of expired O2 (%) and 

CO2 (%). Expired volume was then measured using a dry gas meter (Harvard 

Apparatus, Holliston, MA, USA), facilitated by a vacuum system. As the expired 

gas entered the meter, temperature was measured using a bead thermistor so 

adjustments could be made in converting the gas from Ambient Temperature 

Pressure Saturated (ATPS) to Standard Temperature Pressure Dry (STPD); V̇O2 

was then calculated using the Haldane Transformation. Barometric pressure was 

taken at the time of gas analysis from a wall-mounted mercury barometer (Fortins 

Mercury Barometer, Russell Scientific Instruments, UK) within the laboratory. 

Immediately prior to use, the Douglas bags were emptied, the accuracy of the gas 

meter was validated with a 3 L syringe and the gas analyser was calibrated using 

room air and gas of known concentrations for CO2 (5.04%) and O2 (15.13%).   

 Cardiac output 3.13

Cardiac output (Q̇C) was calculated (L·min-1) non-invasively from oxygen uptake 

(Cooper, 2001):  

Q̇C = V̇O2 / ((0.572 + (0.001 × V̇O2%max)) 
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 Oxygen pulse 3.14

Oxygen pulse was calculated from average exercising fc and the average 

exercising V̇O2 during exercise in the heat and temperate conditions using the 

following equation: 

Oxygen pulse (mL·beat-1) = V̇O2 (mL·min-1) / fc (b·min-1) 

 Oxygen saturation   3.15

Oxygen saturation was recorded overnight in study three (Chapter 6) using a 

finger pulse oximeter (Nonin iPod 3212, Nonin Medical Inc., Plymouth, MN, USA) 

connected to a chest sensor belt (also able to record fc) with a physiological data 

recording system (EQO2 LifeMonitor, Sensor Electronic Module, Equivital™, 

Equivital Inc., New York, NY, USA). Oxygen saturation was logged continuously 

for two minutes every 10 minutes overnight while heart rate was sampled every 15 

seconds overnight.  

 Blood sampling  3.16

3.16.1 Fingertip 

Fingertip capillary blood samples were taken with a single use lancet (Accu-Chek 

Safe-T-Pro Plus, Roche Diagnostics Ltd., Burgess Hill, UK) during exercise in the 

GXT at three minute intervals for the determination of blood lactate concentration 

(section 3.18). They were also utilised in the optimised carbon monoxide 

rebreathing technique (section 3.21).  

3.16.2 Venepuncture  

Venous blood samples were taken from the antecubital vein using venepuncture 

following 10 minutes of standardised supine (Chapter 4) or seated (Chapter 5, 6 

and 7) rest in a regular room temperature environment by a trained researcher. 

Samples were taken just prior to exercise in the heat and after exiting the chamber 

on the heat stress test (HST) days and the first isothermic strain session to allow 

the chronic and acute changes in hormone concentration, such as aldosterone 
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and heat shock protein 70 (see section 3.20), to be assessed during the different 

HA regimens. Venepuncture was also used for the calculation of blood and plasma 

volume in the following chapters, as described in section 3.21.  

10 mL of venous blood was taken from the antecubital vein using a 20-guage 

needle (Eclipse™ blood collection needle, Beckton Dickinson & Company, 

Plymouth, UK) and collected into Vacutainers® lined with EDTA (K2E EDTA blood 

collection tubes, Beckton Dickson & Company, Plymouth, UK) and inverted. A 

proportion of the whole blood was removed to allow the measurement of 

haemoglobin concentration and haematocrit to determine the change in plasma 

volume, which is described in section 3.17 below. A centrifuge (Heraeus™ 

Multifuge™ 3 S-R, Thermo Electron Corporation, Germany) was used (1500 g for 

15 minutes at 4°C) to separate the plasma from the cells in the remainder of the 

sample. Aliquots (1.0 mL in triplicate) of plasma were then stored in Eppendorf 

tubes (1.5 mL tube, Eppendorf UK Ltd., Cambridge, UK) at -80°C for subsequent 

biochemical analyses (section 3.20).   

 Determination of plasma volume  3.17

Haemoglobin concentration [Hb] and haematocrit (Hct) can be used to estimate 

the change in plasma volume (∆PV) between two samples (Dill & Costill, 1974). 

Samples (50 µL) of whole venous blood, in triplicate, were collected from the 

venous sample (section 3.16.2) in sodium heparinised haematocrit tubes (80 µL 

Na-Heparinised Haematocrit tubes, Hawksley & Sons Ltd., Lancing, UK) to assess 

Hct using a microcentrifuge (Heraeus™ PICO 17, Thermo Electron Corporation, 

Germany). Samples were spun for eight minutes at 6.5 G and a microhaematocrit 

reader (Hawksley & Sons Ltd., Lancing West Sussex, UK) was used to measure 

the proportion of packed red cells in a column of blood, in triplicate (coefficient of 

variation = 0.01%).  

Microcuvettes (Hb 201, Hemocue®, Äbgelholm, Sweden) were used to take 10 µL 

samples of whole blood, in triplicate (coefficient of variation = 0.01%), to 

quantitatively determine [Hb] using an Hemocue analyser (Hb201+, Hemocue®, 

Äbgelholm, Sweden). A blood sample is drawn into the microcuvette via capillary 

action where it mixes with the dry reagents. A (azidemethaemoglobin) chemical 
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reaction is followed photometrically by the Hemocue to an end-point condition 

when the transmittance of light through the sample is then measured at 570 and 

880 nm and [Hb] can be calculated.  

The change in blood volumes can be calculated over exercise or the change 

during acclimation using the following calculations (Dill & Costill, 1974): 

BVPost = BVPre ([Hb]Pre / [Hb]Post) 

CVPost = BVPost (HctPost) 

PVPost = BVPost – CVPost 

∆ BV (%) = 100 (BVPost – BVPre)/BVPre 

∆ CV (%) = 100 (CVPost – CVPre)/CVPre 

∆ PV (%) = 100 (PVPost – PVPre)/PVPre 

Where BV = blood volume, CV = red cell volume and PV = plasma volume.  

 Blood lactate determination 3.18

At three minute intervals during the GXT single-use lancets were used to prick the 

fingertip and 20 µL end-to-end capillary tubes (plastic sodium heparinised 

micropipettes, EKF Diagnostic Group, Barleben, Germany) were used to collect a 

blood sample which was combined with haemolysing solution within Eppendorf 

tubes (EKF Diagnostic Group, Barleben, Germany). Blood lactate concentration in 

these samples was immediately measured with the Biosen Lactate Analyser (C-

line, EKF Diagnostic Group, Barleben, Germany), the results from which informed 

the duration of the test; the analyser was calibrated immediately prior to each test 

using a lactate multi-standard (12 mmol·L-1 lactate, EKF Diagnostic Group, 

Barleben, Germany). During the analysis lactate contained in a blood sample is 

converted enzymatically, assisted by lactate oxidase in the chip sensor in the 

analyser, to pyruvate and hydrogen peroxide (H2O2). The H2O2 generated by this 

reaction is detected at the electrode and the amperometric signal is proportional to 

the lactate concentration in the sample.   
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 Urine and plasma osmolality  3.19

On a daily basis, prior to testing, the participants’ hydration status was measured 

from a 20 µL sample of urine using freezing point depression with an osmometer 

(3320, Advanced Instruments Inc., USA- repeatable within ± 2 mOsm/kg H2O, 

coefficient of variation = 0.02%). The same technique was used to assess plasma 

osmolality before and after exercise in the heat during the HSTs and the first ISO 

day. The freezing point technique rapidly supercools the sample to a temperature 

lower than the expected freezing point (which is determined by the amount of 

solute in an aqueous sample), a freeze pulse then causes part of the sample to 

crystalise around the temperature probe where the resulting heat of fusion causes 

a plateau in the temperature of the sample in equilibrium. The sample temperature 

recorded by a thermistor is then used to calculate the freezing point and osmolality 

is displayed in mOsm/kg H2O. When a solute is dissolved in a solvent, the freezing 

point decreases further, thus, lower urine osmolality values suggest greater 

hydration. Participants were required to begin each session in a euhydrated state 

(<800 mOsm/kg) (Armstrong et al., 1994; Popowski et al., 2001; Sawka et al., 

2007; Sherreffs & Maughan, 1998).  

 Biochemistry  3.20

3.20.1 Aldosterone concentration 

An aldosterone enzyme–linked immunoassay (ELISA) kit (Enzo Life Sciences Ltd., 

Exeter, UK) was used for the quantitative determination of aldosterone 

concentration in plasma samples. Aldosterone, a mineralocorticoid steroid 

hormone produced by the adrenal cortex, plays a key role in sodium and 

potassium balance, and thus fluid balance in the body. Regulated by the renin-

angiotensin aldosterone system, aldosterone secretion is increased when sodium 

in the blood is low (low plasma osmolarity) and acts on the distal convoluted 

tubules and collecting ducts of the nephrons in the kidneys to increase sodium and 

water reabsorption (Morris, 1981). Dehydration could independently facilitate heat 

acclimation and cardiovascular stability through increased fluid-electrolyte 

retention and the subsequent PV expansion since evidence suggests that 
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dehydration during prolonged exercise in the heat increases the aldosterone 

response (Sawka et al., 1987). This was examined by determining the 

concentration of aldosterone in the plasma before exercise in the heat pre-, mid-

way through and post-HA. The acute effects of exercise in the heat with and 

without permissive dehydration were also measured on the first day of ISO in this 

research to assess the acute stress on the fluid regulatory hormones.  

Serially diluted standards (3.9 pg·mL-1 - 250 pg·mL-1) and samples in duplicate 

were added to wells coated with a DxS IgG anti-body. A blue solution of 

aldosterone conjugate to alkaline phosphatase was then added, followed by a 

yellow solution of sheep polyclonal antibody to aldosterone. During incubation at 

4°C the antibody bound, in a competitive manner, to the aldosterone in the sample 

or conjugate. The plate was washed, leaving only the bound aldosterone. pNpp 

substrate solution was added which generated a yellow colour when catalysed by 

the alkaline phosphatase on the aldosterone conjugate. Stop solution was added 

and the yellow colour was read at 405 nm (Optima microplate reader, BMG 

LabTech Ltd., Aylesbury, UK). The signal size was indirectly proportional to the 

aldosterone concentration of the sample and the results were then calculated from 

the standard curve and percent bound. The inter assay variation was 6.7 %, while 

the intra-assay variation was 6.3 %).  

3.20.2 Heat Shock Protein concentration  

The Amp’d® Heat Shock Protein (HSP) 70 high sensitivity kit (Enzo Life Sciences 

Ltd., Exeter, UK) was used for determination of the concentration of the inducible 

molecular chaperone HSP70, in plasma samples. Samples and serially diluted 

standards (0.039 ng/mL – 5 ng/mL) were added to wells coated with a monoclonal 

antibody specific for HSP70, in duplicate, and incubated. The plate was washed, 

leaving only bound HSP70 on the plate. A yellow solution of polyclonal antibody, 

specific for HSP70, was then added and bound to the HSP70 captured on the 

plate and incubated. The plate was washed to remove excess antibody. A blue 

solution of Alkaline Phoshpatase (AP) conjugate was added to each well which 

bound to the polyclonal antibody and the plate was then incubated again. The 

plate was washed to remove excess AP conjugate. The Amp’d substrate solution 



Chapter 3: General methods 

71 

 

was added to the wells before being incubated again. Following this the Amp’d 

amplifier solution was added to the wells and the plate incubated. Stop solution 

was added to the substrate reaction. The resulting purple colour was read at 496 

nm (Optima microplate reader, BMG LabTech Ltd., Aylesbury, UK) and the signal 

is directly proportional to the level of HSP70 in the sample. The inter assay 

variation was 5.3 %, while the intra-assay variation was 4.4 %)  

 Carbon monoxide rebreathing  3.21

Immediately before and after the HA programmes reported in Chapter 6 and 7 

total haemoglobin mass (tHbmass) was assessed using the optimised carbon 

monoxide rebreathing technique (Schmidt & Prommer, 2005; Prommer & Schmidt, 

2007). Participants were seated for 15 minutes to allow PV to stabilise while a CO 

bolus (1.0 mL·min-1·kg-1 body mass) (Eastwood et al., 2012; Turner et al., 2014) 

was prepared. Briefly, participants were connected to a closed glass spirometer 

(Blood tec, GbR, Bayreuth, Germany) allowing inspiration of the precise CO bolus 

followed by two minutes rebreathing the gas in a small volume of medical grade 

oxygen (3 L). Participants exhaled completely, to residual volume, into a CO gas 

meter (Pac 7000, Dräger, Pittsburg, PA, USA) before and four minutes after CO-

rebreathing. The volume of CO which was taken up by the body was calculated 

from the remaining CO in the spirometer and from the CO exhaled after 

disconnecting the participant from the spirometer (Eastwood et al., 2012; Turner et 

al., 2014). Fingertip capillary blood samples, for determination of 

carboxyhaemoglobin concentration were taken immediately before the start of the 

rebreathing procedure and six and eight minutes after the CO bolus was 

administered. Blood samples were measured immediately and in triplicate using 

an ABL80 CO-OX Flex hemoximeter (Radiometer TM; Copenhagen, Denmark). A 

venous blood sample was then taken and used to determine [Hb] and Hct (section 

3.16) for use in the calculations of total blood and plasma volume. Ambient 

temperature and barometric pressure were noted, then, tHbmass was calculated 

from the mean change in carboxyhaemoglobin before and after rebreathing CO 

(as per Prommer & Schmidt, 2007). From tHbmass blood volume (BV) and red cell 

volume (RCV) can also be calculated. According to the following formulae: 
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BV (mL) = (Hbmass (g) / Hb (g/dL)) x 100 

RCV (mL) = BV (mL) x Hct/100) 

PV (mL) = BV – RCV 

Carboxyhaemoglobin has a half-life of ~2 h and this technique can transiently 

reduce V̇O2max by 3-4% so tHbmass tests were completed 12 h prior, or any time 

after, relevant physiological/performance tests. In this research, participants 

completed the CO rebreathing test following a 30 minute time maximal trial 

(Chapter 6 and 7).  

The coefficient of variation for the measurement of carboxyhaemoglobin using the 

blood gas analyser, which was used to determine tHbmass, was 3.9 %, the 

variability of tHbmass is reported along with the results in Chapter 6.  

 Perceptual measures  3.22

3.22.1 Rating of Perceived Exertion 

Rating of Perceived Exertion (RPE) was assessed every 15 minutes during fixed 

intensity exercise in the heat before, mid-way through and after a period of heat 

acclimation (or cool control conditions) as well as every 5 minutes during daily 

exposure to heat or cool ambient temperatures. A paper version of the Borg scale, 

ranging from 6 to 20 was used, which included the following words to guide 

exertion voting: “very, very light” (6), “very light” (9), “fairly light” (11), “somewhat 

hard” (13), “hard” (15), “very hard” (17), “very, very hard” (19), “maximum effort” 

(20) (Borg, 1982).   

3.22.2 Perception of Temperature Sensation  

During fixed exercise in the heat perception of Temperature Sensation (TS) for the 

whole body was assessed every 15 minutes using a 20 cm visual analogue scale 

(Appendix) ranging from “Very Hot” (0 cm); “Hot”; “Warm”; “Slightly Warm”; 

“Neutral”; “Slightly Cool”; “Cold”; to “Very Cold” (20 cm) where the worded 

descriptions act as a guide (Zhang & Zhao, 2008).  
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3.22.3 Perception of Thermal Comfort 

Thermal comfort (TC) was assessed for the whole body during exercise in the heat 

every 15 minutes using a 20 cm visual analogue scale (see Appendix) with the 

following words to guide voting: “Very uncomfortable” (0 cm); “Uncomfortable”; 

“Just Uncomfortable”; “Just Comfortable”; “Comfortable”; “Very Comfortable” (20 

cm). Participants drew a vertical line with a pen at a point between 0-20 cm which 

best described how they felt over their whole body during exercise in the heat. 

 Training diary  3.23

Participants were asked to complete a representative training diary just prior to 

commencing each programme, detailing their current typical training routines 

specifying training frequency, intensity duration and type of exercise. Participants 

maintained their regular volume of high intensity training and replaced usual 

low/moderate training sessions with the time spent exercising in the laboratory. As 

reported in Chapter 6 of this thesis, participants also detailed how many hours 

they spent in a normobaric hypoxic tent (~16% O2) on each of the 10 nights and 

what the percentage of oxygen (measured by the independent O2 sensor) in the 

ambient air was when they went to bed and when they awoke.  

 Experimental end points 3.24

During the experimental studies described subsequently, participants ceased 

exercising and were removed from the chamber to recover in a normal room 

temperature environment if any of the following criteria were reached: 

a) The maximum experiment time 

b) Tre reached 39.5°C and rose by 0.15°C within five minutes 

c) Tre exceeded 40°C (zero incidents) 

d) T̅sk exceeded 42°C (zero incidents) 

e) The participant chose to withdraw 

f) On direction of the principal investigator 

g) On the direction of the Independent Medical Officer or First Aider 
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If any of these criterion reached, the experimental end time was noted and data 

comparisons with repeat tests were be considered up to that point only.   

 Data analyses  3.25

T̅sk and T̅b were calculated according to Ramanathan (1964) and Sawka et al. 

(1996), respectively, and are described previously (section 3.7.2).  

For GXT data the LT was defined as power output at [Lac] of 4 mmol∙L-1, GME 

was calculated at 185 W (highest work rate below LT achieved by all participants), 

and V̇O2max was defined as the highest 15 s V̇O2.  

GME [%] = ( external work [kcal] / energy input [kcal] ) * 100 

Oxygen pulse was defined as V̇O2 / fC (section 3.14). 

Plasma volume shifts were determined according to Dill & Costill (1974) (section 

3.17) or CO rebreathing (section 3.21).  

Metabolic heat production (MHP) was determined (Malchaire, 2004 [ISO 8996]) 

as: 

MHP [W·m-2] = MHP / BSA  

or  

MHP [W·kg-1] = MHP / body mass 

 

When, MHP [W] = (heat production [kJ·min-1] x 1000)/60. 

And, heat production [kJ·min-1] = heat production [kJ] / time [minutes] 

And, heat production [kJ] = heat production [kcal] * 4.186 

And, heat production [kcal] = (100-ME/100) × energy input [kcal]. 

When,  

BSA = body surface area [m2] (calculated using DuBois & Dubois, 1916). 

ME = mechanical efficiency [%] = external work [kcal] / energy input [kcal].  

 

The physiological strain index (PSI) was calculated according to the equation 

developed by Moran (1998) and takes into account the changes in Tre and fc at a 

given time point in the context of an existing physiological database (n=100): 
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PSI = 5(Tre t – Tre 0) · (39.5 – Tre 0) 
–1 + 5(fc t – fc 0) · (180 – fc 0) 

–1 

 

When Tre t and fc t are simultaneous measurements taken at any time during 

the exposure and Tre 0 and fc 0 are the initial (resting) measurements.  

3.25.1 Statistical analyses 

Statistical analysis was undertaken using SPSS (IBM Version 22). Significance (α 

level) was set at P≤0.05 with a statistical trend defined as P≤0.10 in the published 

Chapter (4). Effect sizes presented using Cohen’s d for t-tests (d≤0.2: trivial; 0.2-

0.5: small; 0.5-0.8: moderate; >0.8: large) and eta squared (η2 calculated as: sum 

of squares for an effect / total sum of squares) for analysis of variance (η2 ≤ 0.02: 

small; 0.02-0.13: medium; 0.13-0.26: large; Cohen, 1988); continuous data are 

presented mean (SD). Ordinal data, such as the RPE, are presented median 

[range]. In the latter chapters, factorial (two-way) repeated measures analysis of 

variance was used to analyse changes in daily responses during the isothermic 

strain programme and at certain time points (Pre-, Mid-, Post-; Retention-HA) 

(main effects for: Time and Condition; interaction effect for Time × Condition) with 

the Greenhouse-Geisser/Huynh-Feldt statistic employed to account for violations 

of sphericity. Post-hoc multiple comparisons (Bonferroni corrected) compared all 

time-points with each other to indicate where significant differences occurred. 

Following significant main effects for Condition or significant Interaction effects, 

paired samples t-tests (Bonferroni corrected) comparing the conditions at 

individual time-points were utilised to locate differences. Nonparametric data (e.g. 

RPE) were assessed using Friedman’s ANOVA followed by the Wilcoxon sign 

ranked test with a Bonferroni correction for multiple comparisons if the χ2 statistic 

was significant. The coefficient of variation (%) was calculated as the standard 

deviation/mean (*100).  

Specific statistical analyses are described within each Chapter for clarity.  
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4 STUDY ONE: THE INFLUENCE OF SHORT-TERM 

HEAT ACCLIMATION WITH PERMISSIVE 

DEHYDRATION ON HEAT ACCLIMATION AND 

TEMPERATE EXERCISE PERFORMANCE  

 Introduction 4.1

Repeated frequent exposure to heat stress elicits adaptations enabling an 

individual to better accommodate the stressor (Fox, 1963; Nielsen et al., 1993). 

When this process occurs in the laboratory it is termed heat acclimation 

(Armstrong & Maresh, 1991). HA induces an array of adaptations including 

improved sweating, skin blood flow, and fluid balance, reduced cardiovascular 

strain and body temperatures, altered metabolism, and improved cellular 

protection (Wyndham et al., 1969; see recent reviews by Périard et al., 2015, 

Taylor, 2014 and Tyler et al., 2016). HA is optimised when combined with exercise 

(Armstrong & Maresh, 1991). However, whilst endurance-trained athletes typically 

display many physiological adaptations similar to those seen with HA (Aoyagi et 

al., 1997; Piwonka et al., 1965), heat and exercise each induce specific 

transcriptional programmes (Kodesh et al., 2011) and, therefore, represent 

independent stressors; adaptive responses to heat are evident even in well-trained 

endurance athletes (Piwonka et al., 1965). 

Although it is clear that HA improves exercise performance in a hot environment 

(Garrett et al., 2012; Lorenzo et al., 2010; Racinais et al., 2015), evidence is 

accumulating to suggest that adaptation to heat over a 7-21 day period confers 

ergogenic benefits under cooler conditions (Buchheit et al., 2011; Buchheit et al., 

2013; Hue et al., 2007; Lorenzo et al., 2010; Racinais et al., 2014; Sawka et al., 

1985; Scoon et al., 2007). For instance, Lorenzo et al. (2010) demonstrated that 

10-days HA, consisting of 90 minutes cycling exercise per day (50% V̇O2max) in a 

hot environment (40°C, 30% RH), increased work done in a 60 minute cycling trial 

by a mean of 6% under cool (13°C, 30% RH) conditions. Others have reported yo-

yo run test distances were increased by an average of 7-44% in temperate 
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ambient conditions (22-23°C) following 7-14 day training camps in hot 

environments (29-40°C, 27-50% RH) (Buchheit et al., 2011; Buchheit et al., 2013; 

Racinais et al,. 2014), whereas Scoon et al. (2007) reported a 32% increase in run 

time to exhaustion at 5-km run speed after a 21-day intervention consisting of 

frequent saunas. However, Corbett et al. (2014) have noted that these studies 

have seldom considered well-trained endurance athletes and have often used sub-

optimal HA programmes (Lorenzo et al., 2010; Scoon et al., 2007) which might 

provide a diminishing level of thermal strain as HA progresses (Taylor, 2014). 

Furthermore some HA programmes include coincident hypoxic exposure (Buchheit 

et al., 2013) which may have opposing effects on changes in PV (Levine & Stray-

Gundersen, 1997) and some studies are without clear evidence of HA (Hue et al., 

2007; Racinais et al., 2014; Scoon et al., 2007) and use exercise models where 

the ‘true’ performance effect (as tested using a time trial, rather than a time to 

exhaustion test) is unclear (Buchheit et al., 2013; Racinais et al., 2014; Sawka et 

al., 1985; Scoon et al., 2007). Moreover, the mechanisms underpinning the 

ergogenic effect of HA in temperate conditions are not entirely clear. Aerobic 

exercise performance can progressively deteriorate as ambient temperature 

increases beyond ~10°C (Ely et al., 2007), indicating a thermal limitation even 

under relatively cool conditions; it has been suggested that improved 

thermoregulatory capability following HA might attenuate this thermal decrement in 

a manner similar to that evident with hotter temperatures (Corbett et al., 2014). 

Alternatively, the adaptations elicited by HA can increase maximal oxygen uptake 

(V̇O2max) (Sawka et al., 1985; Lorenzo et al., 2010), lactate threshold (LT) (Lorenzo 

et al., 2010) and economy (Sawka et al., 1983; Shvartz et al., 1977), and thus may 

be ergogenic even under conditions where performance is not thermally-limited.   

In contrast to traditional guidelines for maintaining fluid and electrolyte balance 

during HA (Bergeron et al., 2012), it has recently been suggested that dehydration 

represents an independent stimulus for HA because of the influence of augmented 

fluid-regulatory hormone strain on PV expansion and related effects on 

cardiovascular function, and that this may accelerate the time-course of HA 

(Garrett et al., 2011). Garrett et al. (2014) have shown that a five-day isothermal 

strain (target Tre = 38.5°C) HA protocol with permissive dehydration (no fluid 
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consumption during 90 minutes exercise at 40°C, 60% RH) elicited greater PV 

expansion and resting forearm perfusion, and lower end-exercise Tre and cardiac 

frequency (fc), in comparison with the same HA programme in a euhydrated state. 

Although longer HA programmes are often used (Buchheit et al., 2011; Buchheit et 

al., 2013; Hue et al., 2007; Lorenzo et al., 2010; Racinais et al., 2014; Sawka et 

al., 1985; Scoon et al., 2007), it has been suggested that from a practical 

perspective short-term HA with permissive dehydration (STHADe) may be the 

preferred approach for trained athletes as it has been shown to be effective, is less 

expensive, and is less likely to disrupt tapering for competition (Garrett et al., 

2009). Moreover, STHADe may be ergogenic, even in trained endurance athletes. 

Garrett et al. (2012) demonstrated a significant 4 s mean improvement in 2-km 

rowing times of trained rowers exercising at 30°C (60% RH) following STHADe, as 

well as a 4.5% PV expansion and reduced thermal and cardiovascular strain 

during a heat stress test. However, whether STHADe affords any ergogenic 

benefit under temperate conditions is unclear. Accordingly, the aim of this study 

was to examine the effect of a STHADe protocol on cycling performance in a 

temperate environment and to provide insight into the mechanisms underpinning 

any beneficial effects.  

It was hypothesised that: 

H1: short-term HA accompanied by permissive dehydration would be effective at 

inducing HA. 

H2: short-term HA would favourably influence thermoregulation under temperate 

conditions. 

H3: short-term HA would be ergogenic under temperate conditions. 
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 Method 4.2

4.2.1 Participants 

Ten trained (performance level 3 [De Pauw et al., 2013]) male cyclists and 

triathletes (10(3) hours·week-1 training) participated in this study which was given 

favourable ethical opinion by the Science Faculty Ethics Committee at the 

University of Portsmouth (Appendix). All participants provided written informed 

consent.  

4.2.2 Experimental design 

A within-participant, pre-post, design was employed. Participants undertook a 

short-term HA programme (target ambient conditions of 40°C, 50% RH), preceded 

and followed by a heat stress test (HST) under the same ambient conditions, a 

temperate (target ambient conditions of 22°C, 60% RH) graded exercise test 

(GXT), and a temperate 20-km cycling time trial (TT) (Figure 4.1). 

 

Figure 4.1 Schematic of experimental protocol undertaken by participants. All participants 
undertook a short-term heat acclimation programme with permissive dehydration (STHADe) 
consisting of five consecutive days of exercise (90 min·day

-1
) in the heat (~40°C, 50% RH) 

using the isothermal strain (ISO) technique. Pre- and post-STHADe participants undertook: 1) a 
Graded Exercise Test (GXT) in a temperate environment (~22°C, 60% RH); 2) a 20 km Time 
Trial (TT) in a temperate environment; 3) a Heat Stress Test (HST) in the hot environment. 

 
4.2.3 Experimental procedures 

Isothermal Heat Acclimation (ISO) 

The HA consisted of a five-day protocol with exercise (up to 90 min∙day-1, target 

ambient conditions: 40°C, 50% RH), isothermic heat strain (target Tre of 38.5-

38.7°C) and permissive dehydration. Isothermic heat strain (ISO) is a preferred 

model for heat acclimation relative to traditional fixed work-rate approaches 

ISO ISO ISO ISO ISO 
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(Garrett et al., 2012; 2014; Gibson et al., 2015). Permissive dehydration is defined 

as purposefully allowing a person to dehydrate, through restricting fluid intake 

(Garrett et al., 2011); no fluid consumption was permitted during exercise and for 

30 minutes after to promote dehydration. Participants exercised on a calibrated 

(Davison et al., 2009) CompuTrainer cycle ergometer (RacerMate Inc., Seattle, 

WA, USA), initially selecting a work rate eliciting a rating of perceived exertion 

(RPE [Borg, 1982]) of 15. This was maintained until Tre=38.3°C, at which point 

cooling was facilitated by a fan in front of the participant and external power output 

adjusted as appropriate to maintain the target Tre. This degree of convective 

cooling (~2 to 3 m·s-1 [anemometer thermometer, Meterman TMA10, Amprobe, 

USA]) was used to facilitate the exercise component during the heat exposure and 

to provide some perceptual benefit, whilst maintaining a high T̅sk. The fan was only 

utilised when the participant reached the target Tre, and was switched-off if their Tre 

exceeded the upper limit of the target range. Thirty minutes after the exercise 

participants consumed 1.75 L of 3.6% carbohydrate-electrolyte fluid (Science In 

Sport, Nelson, UK) and drunk ad libitum thereafter, to promote euhydration upon 

arrival on subsequent days.  

Heat Stress Test  

Participants cycled on a CompuTrainer for 60 minutes at 35% PPO (determined 

from initial GXT) in a hot environment (target ambient conditions: 40°C, 50% RH). 

1.25 L of 3.6% carbohydrate solution (drink temperature 20°C) was ingested to 

replace fluid losses, divided into five equal boluses (0.25 L) and consumed 

immediately prior to commencing exercise and every 15 minutes thereafter. 

Fanning was provided at a rate of 3.5 m∙s-1; pilot work indicated that the addition of 

a small amount of fanning facilitated the completion of the HST (i.e. stopped most 

participants achieving Tre withdrawal criteria) whilst maintaining an acceptably high 

T̅sk. During this test, markers of HA were recorded, including: Tre, T̅sk, T̅b, whole 

body and local sweat rate, sweat [Na+], cutaneous blood flow, oxygen uptake and 

perceptual indices (RPE, TC, TS). In addition, blood samples were taken in 

accordance with section 3.17 for the determination of ∆PV and ∆BV.  
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Temperate GXT 

All GXTs were performed on a Velotron cycle ergometer (RacerMate Inc., USA) in 

a temperate environment (target ambient conditions: 22°C, 60% RH). Participants 

exercised for 20 minutes at 85-110 W, dependent upon the estimated fitness of 

the participant and fixed within-participant. Thereafter, work-rate was incremented 

by 25 W every three minutes until blood lactate concentration [Lac] was ≥ 4 

mmol∙L-1, following which work-rate increased 25 W∙min-1 until volitional 

exhaustion. [Lac] was determined from fingertip capillary blood obtained at the end 

of each exercise stage (Biosen C-line, EKF Diagnostic, Cardiff, UK). Convective 

cooling was provided at a rate of 3.5 m∙s-1. 

Temperate TT  

Following 10 minutes warm-up at 100 W on a calibrated Velotron cycle ergometer, 

participants undertook a 20-km self-paced TT constructed with Velotron 3D 

software (RacerMate Inc., USA) in a temperate environment (target ambient 

conditions: 22°C, 60% RH). Previous experiments have shown that under 

conditions where participants are blinded to all feedback, with the exception of 

distance elapsed, the coefficient of variation for Velotron cycling is 1.1% (Corbett 

et al., 2009) and 1.6% for short and longer TTs, respectively. Only distance 

completed was displayed to the participant and convective cooling was provided at 

a rate of 3.5 m∙s-1. 

General procedures 

Participants wore the same clothes each day, abstained from alcohol throughout 

the experimental period or caffeine for 12 hours before exercise, consumed a 

similar diet before each test and drank 0.5 L of water two hours before every 

attendance. Training and food diaries were completed detailing the participant’s 

typical training and diet prior to and during the experimental period. Participants 

were instructed to maintain their normal high-intensity training (except 24 hours 

before HSTs, GXTs or TTs) and replace an equivalent duration of low/moderate 

training with that completed in the laboratory to maintain usual training volume. 
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4.2.4 Data analyses 

Data were analysed as outlined in Chapter 3 and specific statistical tests are 

described below.  

 Statistical analyses 

Statistical analysis was undertaken using SPSS (IBM Version. 20). Significance 

was set at P≤0.05, with a statistical trend defined as P≤0.10 and effect sizes 

presented using Cohen’s d for t-tests (d ≤0.2: trivial; 0.2-0.5: small; 0.5-0.8: 

moderate; <0.8: large) and partial eta squared for analysis of variance (ηp
2 ≤0.02: 

small; 0.02-0.13: medium; 0.13-0.26: large) (Cohen, 1988); data are presented 

mean (SD). Repeated measures ANOVA was used to analyse changes in daily 

responses during STHADe with the Greenhouse-Geisser statistic employed to 

account for violations of sphericity; post-hoc analysis utilised the Bonferroni 

correction for multiple pair-wise comparison tests. Similarly, a two-way repeated 

measures ANOVA with post-hoc pair-wise comparisons (Bonferroni corrected) 

was used to compare the main and interaction effects during the TTs. Two-tailed 

paired samples t-tests were used to assess the effectiveness of STHADe on 

markers of HA under hot (HST) and temperate conditions (first 20 minutes of GXT 

at fixed work rate) as well as the efficacy of STHADe on performance (TT) and 

parameters associated with performance (GXT).  
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 Results 4.3

4.3.1 Participant characteristics 

A total of 10 participants were recruited for this study, all of whom completed all 

tests in the STHADe programme and are described in Table 4.1.  

Table 4.1 Participant characteristics. Mean (SD) data for participants (n=10) who completed 
the STHADe programme 

Intervention 
Age 

(years) 
Height 

(m) 
Mass 
(kg) 

Body fat 
(%) 

V̇O2max  

(L·min-1) 
PPO 
(W) 

STHADe 24(4) 1.76(0.04) 70.9(7.3) 10.0(3.5) 4.48(0.46) 385(40) 

4.3.2 Short-term heat acclimation with permissive dehydration. 

During the STHADe a Tre ≥38.50°C was achieved after 25.0(6.3) minutes and was 

well maintained at 38.64(0.27)°C for the final hour of exposure, on each occasion 

(F(2.3,21.1)=0.452, P=0.673, ηp
2=0.05) (Table 4.2). Average power did not differ 

between each exposure (F(2.3,20.8)=0.219, P=0.835, ηp
2=0.02) and fc was 

significantly reduced on ISO4 and ISO5 compared with ISO1 (F(3.0,27.2)=5.245, 

P=0.005, ηp
2=0.37). On average participants lost 3.09(0.64)% bodyweight over the 

course of each exposure but returned each day with the same mass (F(3.3, 

29.4)=1.159, P=0.344, ηp
2=0.11) and hydration status (F(2.2, 19.6)=0.461, P=0.653, 

ηp
2=0.05) (Table 4.2).   

Table 4.2 Mean (SD) daily responses during short-term heat acclimation with permissive 
dehydration.

 *
denotes significant difference from day 1 (P≤0.05).

 a
 denotes n=9 as one 

participant was unable to achieve Tre > 38.5°C on every day. 

ISO variable  ISO1 ISO2 ISO3 ISO4 ISO5 
P 

value 

Time to Tre of 38.5°C  
(minutes)

a
 

22.9 
(5.0) 

26.9 
(7.1) 

26.6 
(8.0) 

24.4 
(6.1) 

24.3 
(5.6) 

0.377 

Average session Tre  
(final 60 minutes [°C]) 

38.62 
(0.25) 

38.65 
(0.23) 

38.62 
(0.19) 

38.67 
(0.22) 

38.64 
(0.28) 

0.770 

Average session fc  
(b∙min

-1
) 

144 
(17) 

141 
(16) 

138 
(17) 

138 
(16)* 

135 
(19)* 

0.004 

Average power  
(W) 

104 
(18) 

104 
(21) 

100 
(17) 

104 
(19) 

102 
(17) 

0.926 

Pre-exercise mass  
(kg) 

71.12 
(7.25) 

71.14 
(7.12) 

71.22 
(7.05) 

71.44 
(7.33) 

71.37 
(7.49) 

0.344 

Session body water loss  
(L∙hr

-1
) 

1.46 
(0.43) 

1.47 
(0.47) 

1.45 
(0.37) 

1.56 
(0.33) 

1.43 
(0.30) 

0.514 

Urine osmolality  
(mOsmo·kg

-1
) 

386 
(282) 

514 
(299) 

 420 
(285) 

443 
(340) 

446 
(363) 

0.653 
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4.3.3 Heat Acclimation 

Ambient conditions were not different between HSTs (pre: 39.5(0.3)°C, 52.2(4.2)% 

RH; post: 39.8(0.2)°C, 50.4(3.9)% RH, P>0.05) and rate of heat production was 

the same before and after STHADe in the HSTs (pre: 341(45) W·m-2; post: 

334(40) W·m-2, t(9)=0.707 P=0.498, d=0.16) (Table 4.3). The STHADe was 

effective at inducing HA as evidenced by significant reductions in resting Tre 

(t(9)=4.748, P=0.001, d=1.26) and T̅b (t(8)=3.941, P=0.004, d=1.13), a lower 

exercise Tre (t(8)=2.742, P=0.025, d=0.46), T̅b (t(7)=2.761, P=0.028, d=0.44), fc 

(t(9)=2.874, P=0.018, d=0.57) and RPE (t(9)=2.751, P=0.022, d=0.50), increased 

oxygen pulse (t(9)=2.512, P=0.033, d=0.29), sweating (whole body: t(7)=-3.833, 

P=0.006, d=0.19; local: t(9)=-2.370, P=0.042, d=0.55) and reduced sweat [Na+] 

(t(7)=2.401, P=0.047, d=0.98), and a trend towards improved thermal comfort (t(9)=-

2.215, P=0.054, d=0.50) (Table 4.3). Thermal responses were also examined 

during rest and fixed submaximal exercise under temperate conditions (pre: 

22.0(0.3)°C, 68.0(6.9)% RH; post: 22.1(0.1)°C, 62.9(6.1)% RH, P>0.05) where 

reduced thermal (exercise Tre: t(9)=2.203, P=0.055, d=0.78; exercise T̅b: t(9)=2.428, 

P=0.038, d=0.70) and cardiovascular strain (fc: t(9)=2.874, P=0.018, d=0.43) were 

also evident (Table 4.3). 
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Table 4.3 Mean (SD) physiological responses during HST and during a standard 20 minutes 
exercise task conducted in temperate conditions before and after five-days short-term heat 
acclimation with permissive dehydration (Data refer to average over exercise period, unless 
otherwise stated). 

*
denotes significant difference pre vs. post STHADe (P≤0.05);

 (*)
denotes 

trend for difference (P≤0.10). n=10, except 
a 
denotes n=9, 

b
 denotes n=8, due to technical error. 

During the HST, after STHADe, two participants briefly (8 minutes) exercised at the incorrect 
(reduced) power output; data are included up to that time point for these two participants. 

 Hot conditions Temperate conditions 
 Pre Post Pre Post 

Thermal     
Resting Tre (°C)  37.29(0.18) 37.05(0.20)* 37.47(0.22) 37.27(0.29)* 
Exercise Tre (°C) 

 
37.95(0.40) 37.77(0.39)*

a
 37.57(0.25) 37.41(0.32)

(
*

)
 

Resting T̅sk (°C)
 
 36.22(0.23) 36.16(0.18)

a
 32.34(0.35) 31.83(0.70)

(
*

)
 

Exercise T̅sk (°C) 37.30(0.56) 37.19(0.46) 30.09(0.46) 29.65(0.47)* 
Resting T̅b (°C) 37.15(0.17) 36.94(0.20)*

a
 36.96(0.22) 36.72(0.30)* 

Exercise T̅b (°C) 37.93(0.43) 37.75(0.38)*
b
 36.83(0.26) 36.63(0.31)* 

Thermoregulatory     
Body water loss 
(L∙hr

-1
) 

1.84(0.66) 1.97(0.71)*
b
 - - 

Upper-back sweat rate 
(L·m

2
·h

-1
) 

0.75(0.16) 0.84(0.17)* 0.12(0.04) 0.14(0.07) 

Sweat sodium  (mmol·L
-1
) 43(12) 33(8)*

b
 - - 

Skin blood flow (AU) 306(74) 316(64) 97.56(59.59) 106.60(57.22) 
 fc (b∙min

-1
) 141(15) 134(9)* 113(13) 108(10)* 

Δ Plasma volume Pre-
Post STHADe (%)  

- 1.18(8.01) - - 

Δ Blood volume Pre-Post 
STHADe (%) 

- 0.75(4.88) - - 

Metabolic     
V̇̇
̇̇
O2 (L∙min

-1
) 2.24(0.35) 2.23(0.30) 1.96(0.23) 1.98(0.19) 

RER 0.89(0.04) 0.87(0.05) 0.88(0.06) 0.90(0.04) 
Metabolic heat production 
(W·m

-2
) 

341(45) 334(40)   

O2 pulse  
(mL·beat

-1
) 

16.00(2.24) 16.64(2.25)* 17.40(2.09) 18.47(2.13)* 

Cardiac output  (L∙min
-1
) 20.92(2.49) 21.05(2.35) 19.36(1.84) 19.61(1.52) 

Perceptual     
RPE 11(2) 10(2)* - - 
Thermal comfort (cm) 9(4) 11(4)

(
*

)
 - - 

Thermal sensation (cm) 16(2) 14(2) - - 

4.3.4 Graded Exercise Test 

There were no significant differences in the pre vs. post STHADe V̇O2max 

(4.48(0.46) vs. 4.57(0.43) L·min-1, t(9)=-1.255, P=0.241, d=0.20), fcmax (184(5) vs. 

181(6) b·min-1, t(9)=1.779, P=0.109, d=0.54), or GME (18.81(1.26) vs. 

18.84(1.28)%, t(9)=-0.087, P=0.934, d=0.02), but PPO (385(40) vs. 392(39) W, 

t(9)=-3.050, P=0.014, d=0.18) and LT were (253(53) vs. 269(45) W, t(9)=-3.180, 

P=0.011, d=0.28) increased (Figure 4.2). See Appendix for individual responses.  
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Figure 4.2 Mean (SD) data from the temperate graded exercise test (n=10) detailing, A: lactate threshold; 
B: gross mechanical efficiency (GME); maximal oxygen uptake (V̇O2max), and; D: peak power output (PPO).   
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4.3.5 Time Trial 

One participant had to be stopped early during the pre-STHADe TT as he attained 

the Tre withdrawal criterion despite the temperate exercise conditions, but he 

reached 3.26 km (21.2%) further in the post-STHADe TT before reaching the 

withdrawal criteria, whilst sustaining identical power (324 W) over the matched 

pre-STHADe distance. Mean performance times for the nine participants 

completing the 20-km TTs were 33:18.1(1:24.2) min:s and 33:06.8(1:42.8) min:s 

for the pre- and post-STHADe tests respectively, and were not significantly 

different (t(8)=0.940, P=0.375, d=0.12), although there was a trend for a higher 

mean power output (249(27) W vs. 254(32) W for pre- and post-STHADe, 

respectively, t(8)=-2.228, P=0.056, d=0.17). Analysis of the pacing data (Figure 4.3) 

indicated no significant main effect for test (pre vs. post STHADe), but a significant 

main effect for distance, and significant interaction effect (test × distance). Post-

hoc analysis of the interaction effect (F(9,72)=4.990, P<0.001, ηp
2=0.38) indicated 

significant differences in the pre- vs. post- power output for the first and the final 

10% of the TT.  

Figure 4.3 Pacing strategies pre- (grey circles) and post- (filled circles) for 2 km power output 
bins (mean [SD]) over a 20 km cycle time trial in a temperate environment (n=9). * denotes a 
significant difference between pre- and post-tests (P≤0.05).   
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 Discussion 4.4

The primary aim of this study was to examine the effect of STHADe on cycling 

performance in a temperate environment among a cohort of trained (performance 

level 3 [De Pauw et al., 2013]) cyclists, and to provide insight into the mechanisms 

underpinning any beneficial effects. These results indicate that: 1) STHADe was 

effective at inducing HA, as evidenced by the reduced thermal and cardiovascular 

strain whilst exercising in the heat; 2) the STHADe also reduced thermal and 

cardiovascular strain under temperate exercise conditions; 3) LT and PPO 

achieved in the temperate GXT were improved; 4) temperate TT performance was 

not significantly affected. The main findings of this study therefore support the first 

two hypotheses (1) STHADe would be effective at inducing heat acclimation; 2) 

STHADe would favourably influence thermoregulation under temperate 

conditions), but not the final hypothesis (STHADe would be ergogenic under 

temperate conditions).  

Although most HA regimens typically employ 7-21 daily heat and exercise 

exposures (Taylor, 2014), it has recently been suggested that STHADe is an 

effective and time efficient means of inducing HA, particularly for trained athletes 

(Garrett et al., 2012). These data indicate that the STHADe was effective, with a 

reduced resting Tre and T̅b, a lower exercise Tre, T̅b, heart rate and RPE, increased 

sweating and reduced sweat [Na+], and a trend towards improved thermal comfort. 

These findings are largely in keeping with other research employing similar short 

term HA regimens, although the sudomotor adaptations tended to be more 

pronounced given that others have not detected differences in whole body sweat 

rates (Garrett et al., 2009; Garrett et al., 2012; Garrett et al., 2014). More 

importantly given the primary aim, thermal strain was also reduced under 

temperate conditions, as evidenced by the reduced T̅b, T̅sk, heart rate and a trend 

towards a lower exercise Tre during temperate exercise at a fixed work rate. 

 Although previous studies have shown that HA can reduce thermal strain under 

cooler conditions, they have typically used longer HA regimens (Kobayashi et al., 

1980; Shvartz et al., 1977), a substantially hotter ‘temperate’ condition than the 

present study (Kobayashi et al., 1980), or a fixed workload protocol (Lorenzo et al., 
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2010), making it difficult to establish the basis of these changes. Gibson et al., 

(2015) have suggested that isothermic HA protocols elicit a maintained thermal 

strain in comparison to the diminishing thermal strain of fixed work-rate protocols, 

although both methods provide a sufficient stimulus for increased heat shock 

protein-72 gene expression; a recent review on the topic suggests it is important to 

maintain the adaptation impulse to facilitate plasma volume expansion (Taylor, 

2014). The reduced thermal strain in temperate conditions following STHADe is a 

novel finding with practical relevance for athletes preparing to compete under 

environmental conditions considered “moderate”, yet still representing a potentially 

limiting (Ely et al., 2007; Galloway & Maughan, 1997), thermal burden. 

It has been suggested that dehydration acts as an independent stimulus for HA by 

augmenting PV expansion, which confers improved cardiovascular stability and a 

reduced Tre, in comparison to maintaining euhydration (Garrett et al., 2011; Garrett 

et al., 2014). However, despite the reduced thermal and cardiovascular strain 

following the STHADe, PV was unchanged, although there was large variability 

(e.g. coefficient of variation for [Hb] used to calculate ∆PV was 6.1%). Reduced 

deep body and/or skin temperature, reduced sympathetic nervous activity, or 

increased venous tone, could account for the reduction in heart rate (Périard et al., 

2015) and resulting improvement in oxygen pulse; others have noted a 

dissociation between cardiovascular and PV changes with HA (Garrett et al., 

2009). Moreover, a lack of PV expansion with short-term HA has been previously 

reported by others (Garrett et al., 2009) and the capacity for PV expansion may be 

reduced in trained athletes, such as the participants in the present study, who may 

already be hypervolemic (Heinicke et al., 2001). With these individuals, 

dehydration will decrease PV until sufficient fluids are consumed (Costill & Fink, 

1974) and failure to adequately replace water, amino acids, electrolytes, and 

carbohydrates following exercise might impair hypervolemic adaptations (Okazaki 

et al., 2009). Furthermore, the level of dehydration experienced by the current 

participants (~3.1% bodyweight) during each heat exposure was greater than in 

previous studies documenting PV expansion with STHADe (~1.8-2.1% bodyweight 

[Garrett et al., 2012; Garrett et al., 2014]). It has been suggested that trained 

athletes might require a greater dehydration stimulus than lesser trained athletes 
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when employing STHADe strategies (Garrett et al., 2014); data in the present 

study do not support this, particularly given that the participants maintained their 

daily body mass and presented with a similar urine osmolality on each day. An 

alternative possibility is that PV expansion was masked by concomitant changes in 

red cell volume, which appear to be more pronounced with permissive dehydration 

(Garrett et al., 2014) and could have impacted on that ability to detect PV changes 

using the Dill & Costill (1974) method. Future studies employing STHADe should 

consider other techniques for assessing PV changes such as CO rebreathing or 

Evans-blue dye. 

Given the lack of measureable change in PV it is, perhaps, unsurprising that this 

study did not identify any changes in V̇O2max; it has been suggested that for V̇O2max 

to increase with HA, PV must expand sufficiently to increase cardiac output via a 

Frank-Starling effect, and this must offset any haemodilution (Coyle et al., 1990). 

Moreover, in those studies in which V̇O2max was improved with HA, the intervention 

duration was at least nine-days (Lorenzo et al., 2010; Sawka et al., 1985). 

Similarly, GME was not altered by the STHADe, although improved economy 

following HA is not a ubiquitous finding, being confined to a limited number of 

studies that employed more prolonged HA, participants of lower fitness (Sawka et 

al., 1983; Shvartz et al., 1977), and no control group (Sawka et al., 1983).  

A transition from fast myosin to the more efficient slow myosin form has been 

demonstrated following HA in rat cardiac muscle (Horowitz et al., 1986), but the 

time course for these adaptions (21-days) is in excess of the STHADe employed in 

the present study and the relevance for human skeletal muscle is not clear. In 

contrast, these data have for the first time shown that STHADe can significantly 

improve LT, as has been shown previously following a longer HA regimen 

(Lorenzo et al., 2010). The mechanisms underpinning this effect are unclear. 

Although reduced carbohydrate metabolism has been shown following HA (Young 

et al., 1985), the respiratory exchange ratio data reported in this study suggest that 

this was not the case and haemodilution is implausible given the lack of change in 

PV. Corbett et al. (2014) have highlighted a number of adaptions to heat which 

could explain an improved LT, such as a transition from fast myosin to the more 
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efficient slow myosin form, increased strength, or altered lactate kinetics and 

better preservation of splanchnic lactate removal as a consequence of improved 

O2 supply. However, the relevance of these mechanisms for the short duration 

intervention used in the present study is unclear and some of these adaptations 

might also have been expected to enhance economy and/or V̇O2max. 

It would not be unreasonable to hypothesise that some of the adaptations 

observed following STHADe in the present study might favourably impact upon 

exercise performance. For instance, the work output at the LT has previously been 

shown to be a powerful predictor of performance in endurance events (Coyle et 

al., 1991) and is sensitive to changes in performance (Jones, 1998). Likewise, it 

has been suggested that improved thermoregulatory capability might be expected 

to favourably affect temperate performance in a similar manner to that observed 

when exercising in hot conditions, albeit to a lesser degree (Corbett et al., 2014). 

Nonetheless, temperate TT performance was not significantly improved following 

STHADe, although there was a more blunted start and slightly faster finish in the 

post-STHADe TT; greater variability in the start- and end-TT power has been 

reported previously (Thomas et al., 2012), but these differences in power were 

numerically small. However, it should be noted that there was some evidence for a 

developing ergogenic effect as indicated by the increased PPO achieved in the 

GXT and tendency for higher power output during the TT. A higher PPO output in 

a GXT has been noted previously following longer-term HA (Sawka et al., 1985), 

but the differences in mean TT power were numerically small, and given that the 

power output is related to cycling velocity with an exponent of between 2.6 and 3 

(Atkinson et al., 2003) this effect was insufficient to significantly influence 

temperate TT performance. Interestingly, the power at LT explained a large 

amount of the variation in average TT power pre- (r2=0.75,
 P=0.001) and post 

STHADe (r2=0.80,
 P<0.001), but the ΔLT following STHADe did not share a 

significant amount of variance with the ΔTT power (r2=0.11,
 P=0.927). This could 

indicate glycogen depletion which would manifest in lower lactate production and 

higher power output for a given [Lac], but impaired performance (Hughes et al., 

1982), although strong experimental controls were put in place to negate this 

possibility. Moreover, association does not equate with causality and the LT does 
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not directly influence performance per se, but rather is typically used as a 

surrogate of sustainable percentage of V̇O2max (Joyner, 1991). Finally, the heat-

related performance decrement observed in temperate conditions is small relative 

to exercise under hotter conditions and the improved thermoregulatory capability 

may have been insufficient to meaningfully impact upon this. A recent study has 

shown that wearing a cooling vest did not significantly impact on exercise 

performance in temperate conditions (25°C, 55% RH), despite reductions in heart 

rate, skin temperature and improved thermal comfort (Eijsvogels et al., 2014). It 

should be noted that whilst STHADe has been shown to be ergogenic under hot 

conditions (Garrett et al., 2012), ergogenic effects under temperate conditions 

have not been demonstrated and it may be that a longer HA programme is 

necessary. Moreover, those studies demonstrating ergogenic effects following 

longer-term HA in temperate conditions have typically used time to exhaustion 

trials (Buchheit et al., 2011; Buchheit et al., 2013; Lorenzo et al., 2010; Racinais et 

al., 2014; Sawka et al., 1985; Scoon et al., 2007) and the equivalent effect on 

performance in a time-trial of a similar duration will be less. Before dismissing the 

STHADe model, future studies should consider examining a variety of 

performance tests, with increased sample sizes to improve statistical power; an 

observed power of β=0.15 was calculated for TT time in the present study. Longer 

HA protocols should also be considered, as evidence suggests that a continued 

forcing function (isothermal strain technique) can maintain the adaptive stimulus 

for up to three weeks, thereby augmenting the PV expansion and sudomotor 

effects (Patterson et al., 2004), whereas the beneficial effects of permissive 

dehydration require further confirmation. Finally, evidence is emerging to suggest 

that HA may attenuate physiological stress in hypoxia (Heled et al., 2012); the 

efficacy of HA for temperate, high-altitude environments, warrants investigation. 

A limitation of the present study is the lack of a control group, although this could 

be justified given the lack of performance effect in the temperate TT, which was 

the primary focus of the present study. However, TT performance has been shown 

to be extremely robust when participants are blinded to time feedback and are 

unable to ‘goal-set’ (Corbett et al., 2009) and given the very high habitual training 

of these participants, any performance improvement observed within a five–day 
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training intervention would have practical merit. The high sweat-losses of these 

participants during their daily heat exposures is consistent with their high–initial 

training status, which would confer them partial heat adaptation (Shvartz et al., 

1977), but this may have meant that the fluid replacement strategies in place may 

have been insufficient for enabling the participants to replace daily water, amino 

acids, electrolytes, and carbohydrates, thereby impacting on the adaptation to 

heat. Although this may represent a relevant practical scenario with good 

ecological relevance for trained athletes undergoing HA. 

In conclusion, STHADe was effective at inducing HA, with evidence of improved 

thermoeffector responses and reduced thermal and cardiovascular strain under 

both hot and temperate exercise conditions. However, in contrast to the 

hypothesis, the permissive dehydration stimulus did not induce hypervolemia, with 

no change in blood and plasma volume evident following the STHADe. V̇O2max and 

GME were unaffected by the STHADe, but LT was significantly improved. There 

was some evidence for a developing ergogenic effect, as indicated by a trend 

(P=0.056) towards a small increase in TT mean power, and an increased PPO at 

the end of a GXT, but the mechanisms underpinning this effect were unclear. 

Future studies need to elucidate the role of permissive dehydration in HA and 

determine the minimum time course for inducing hypervolemia and meaningful 

ergogenic effects of HA, and to understand the mechanisms underpinning any 

effects.  

This study raised the question whether a longer HA programme would induce 

hypervolemia and subsequent ergogenic effects, and whether the responses to 

STHADe were in fact greater than a euhydrated HA programme.  
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5 STUDY TWO: EFFECT OF PERMISSIVE 

DEHYDRATION ON INDUCTION AND DECAY OF HEAT 

ACCLIMATION, AND TEMPERATE EXERCISE 

PERFORMANCE  

 Introduction 5.1

The heat acclimated phenotype has been extensively described (Parsons, 2003) 

and is characterised by adaptations enabling an individual to better accommodate 

a given thermal-stressor. To induce HA both Tc and Tsk must be frequently and 

repeatedly elevated to a level challenging sudomotor and vasomotor 

thermoeffector responses for a sufficient duration (Garrett et al., 2012). This is 

determined by the combination of environmental heat-stress and metabolic heat-

production, which drive the thermal forcing-function. More recently, it has been 

suggested that dehydration, the process of losing fluid and achieving a state of 

hypohydration (lower-than-normal body water volume), may also represent an 

important stimulus for facilitating HA (Akerman et al., 2016; Garrett et al., 2012; 

Garrett et al., 2014; Périard et al., 2015), although this may be controversial 

(Horowitz et al., 1999; Schwimmer et al., 2006) and in contrast to traditional 

guidelines for maintaining fluid and electrolyte balance (Bergeron et al., 2012). 

Results from the previous Chapter show that HA accompanied by dehydration was 

effective at inducing adaptation, but the effect of dehydration was not separated 

from the effect of heat.   

 

Dehydration through combined exercise and heat-stress causes hyperosmotic 

hypovolemia, reducing thermoeffector function (lower sweating and skin blood flow 

[Sawka, 1992]), and increasing thermal, cardiovascular and fluid-regulatory strain 

(Kenefick et al., 2007; Sawka, 1992). Whilst impaired thermoeffector activity might 

possibly be maladaptive in terms of sudomotor and vasomotor function, the 

resultant increased tissue-temperature is important; for Tcs between 37.3°C and 

38.5°C the magnitude of HA is proportional to the thermal forcing-function (Fox, 
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1963) although increasing Tc beyond 38.5°C may not confer any additional benefit 

(Gibson et al., 2014; Gibson et al., 2015). Indeed, because dehydration and heat 

are often inter-linked in their causation and the strain they induce, demarcating 

their individual effects can be difficult (Akerman et al., 2016). However, recent 

research employing an isothermal strain (target Tre = 38.5°C) HA programme 

suggests that dehydration can provide a thermally-independent adaptation 

stimulus (Garrett et al., 2014). Restricting fluid ingestion (permissive dehydration) 

during the five, daily, exercise-heat exposures (90 min·day-1) increased plasma 

aldosterone concentration ([aldo]p) over the HA programme, relative to 

euhydration; this correlated with an increased PV, whereas increased resting 

forearm perfusion and reduced exercise heart rate were also observed during a 

subsequent heat stress test. Nevertheless, PV expansion and the associated 

improvement in cardiovascular stability are among the most rapidly acquired 

adaptations during HA (~four- to five-days) and among the quickest to decay upon 

cessation of HA (Périard et al., 2015; Williams et al., 1967); whether dehydration 

positively influences HA over the longer timescales (~10-days) typically necessary 

to optimise HA (Périard et al., 2015), or whether dehydration affects the retention 

of the heat acclimated phenotype following HA, is unknown. It is important to 

establish the decay phase of HA to allow successful protocols to be utilised 

efficiently. One week following completion of a programme, participants are likely 

to be rid of fatigue (Phillip et al., 2016) and many adaptations remain (Garrett et 

al., 2009) although these will deteriorate over the course of one month at different 

rates, depending on the adaptation (Garrett et al., 2009; Pandolf, 1998; Weller et 

al., 2007; Williams et al., 1967). It is also necessary to understand the degree of 

hypohydration that might be beneficial; evidence from rodent studies indicates that 

severe (10% BML) acute hypohydration can adversely affect the longer-term 

adaptive response to heat (Horowitz et al., 1999; Schwimmer et al., 2006), 

although the relevance of this work to humans repeatedly dehydrating to a milder 

hypohydration (<3% BML) over the course of HA is unclear, as stated by Akerman 

et al., 2016. 

 



Chapter 5: Long-term HA and dehydration 

96 

 

The ergogenic potential of HA is currently under debate (Minson & Cotter, 2016; 

Nybo & Lundby, 2016). Lorenzo et al. (2010) demonstrated improved exercise 

performance in a cool environment (13°C; 30% RH) following a 10-day exercise-

heat acclimation programme (40°C; 30% RH) compared to the same training in the 

cool conditions, possibly related to PV expansion and its influence on V̇O2max by a 

Frank-Starling effect. Studies also provide indication that HA elicits improvements 

in V̇O2max (Lorenzo et al., 2010; Sawka et al., 1985), exercise economy (Sawka et 

al., 1983) and lactate threshold (Lorenzo et al., 2010) in temperate conditions; 

together these are key determinants of endurance performance. However, many 

of these studies have been criticised for inadequate control (Corbett et al., 2014) 

and this ergogenic effect has not been replicated in recent experiments employing 

more appropriate controls (Karlsen et al., 2015; Keiser et al., 2015). Moreover, the 

influence of PV expansion on V̇O2max depends on the balance between increased 

cardiac output and the hemodilution effect on O2-carrying capacity, which may be 

unfavourable in an already hypervolemic population. Recently, Keiser et al. (2015) 

showed no mean effect of PV expansion on V̇O2max or exercise performance 

among a well-trained cohort, whether induced through HA, or by albumin-solution 

infusion, although there was considerable inter-individual variation. Given that 

dehydration may augment the hypervolemic aspect of HA (Garrett et al., 2012), 

understanding the resultant effects on V̇O2max and exercise performance is 

important, particularly as these programmes are often used by athletes and 

individuals undertaking heavy physical work. Interestingly, there is some evidence 

of an ergogenic effect of short-term HA programmes with permissive dehydration 

amongst trained individuals in hot (Garrett et al., 2012) and temperate conditions 

(Neal et al., 2015), but these studies must be interpreted cautiously due to the lack 

of an appropriate comparison group. 

 

The concept of an additional stimulus for HA is attractive to those aiming to 

achieve rapid HA which could be less expensive or disruptive to competition 

preparation (or useful for occupational demands i.e. rapid military deployment to a 

hot location). Furthermore, summertime endurance training often incurs mild 

dehydration with only half the fluid losses being replaced (Rehrer & Burke 1996; 
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Sawka et al., 2011), so understanding this concept might also be ecologically 

valid.  

Accordingly, it was hypothesised that:  

H1: permissive dehydration would facilitate the time-course and magnitude of the 

acquisition and decay of HA over a short- and longer-term HA programme.  

 

H2: HA would be ergogenic and permissive dehydration would augment any 

ergogenic effects of HA, particularly those effects related to PV expansion. 
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 Method  5.2

5.2.1 Participants 

Eight trained male athletes participated in this study which was approved by the 

University’s Ethics Committee (Appendix). All participants provided written 

informed consent. 

5.2.2 Experimental design 

A within-participant, balanced cross-over design was employed, with participants 

undertaking both control (euhydrated heat acclimation [HAEu]) and intervention 

(permissive dehydration [HADe]) HA programmes (target ambient conditions: 

40°C; 50% RH). Each HA programme lasted 11-days and consisted of three bouts 

of exercise at a fixed external work rate (heat stress test [HST]), undertaken on 

day 1 (HSTpre), day 6 (HSTmid) and day 11 (HSTpost), interspersed with eight 

isothermal heat strain exercise-heat exposures (ISO). The ISO approach was 

used to induce HA so as to avoid the potential for a dehydration-induced elevation 

in Tc, which would provide an additional thermal stimulus for adaptation and the 

HSTs enabled assessment of the induction of short- and longer-term adaptations.  

A temperate (target ambient conditions: 20°C; 55% RH) graded exercise test 

(GXT) was completed before (GXTpre) and after (GXTpost) HA for assessment of 

performance parameters and thermoregulatory responses during temperate 

exercise. To obtain an index of decay the HST was repeated one week after the 

HA programme (HSTdecay). HA programmes were identical apart from the fluid 

consumption during ISO, where a regimen was prescribed to either maintain 

hydration or facilitate dehydration. A minimum three-month wash-out period was 

prescribed between HA programmes and all testing was completed outside of the 

UK summertime (see Figure 5.1).  
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Figure 5.1 Balanced cross-over design study with three month washout period, diagram describes 
the experimental protocol for examining the effect of hydration on the adaptive responses to 
exercise in the heat. GXT = Graded Exercise Test (22°C, 50% RH); HST = Heat Stress Test (40°C, 
50% RH); ISO = Isothermal strain acclimation session (40°C, 50% RH); Eu = Euhydration; De = 
Dehydration. 

5.2.3 Experimental procedures 

Heat stress test 

Participants cycled in the hot environment on a calibrated CompuTrainer cycle 

ergometer (RacerMate Inc., Seattle, Washington, USA) for 60 minutes at 35% of 

PPO reached in the GXT (described subsequently). 1.25 L of 3.6% carbohydrate 

solution (drink temperature 20°C) was ingested to replace fluid losses, divided into 

five equal boluses (0.25 L) and consumed immediately prior to commencing 

exercise and every 15 minutes thereafter (Figure 3.2). Convective cooling was 

provided at a rate of 3.5 m∙s-1; this prevented most participants from reaching the 

Tre withdrawal criteria of 40°C, whilst maintaining an acceptably high T̅sk and 

allowing thermoeffector responses to be assessed. During this test markers of HA 

were recorded, including: Tre, T̅sk, T̅b, whole body and local sweat rate, sweat 

[Na+], cutaneous blood flow, oxygen uptake and perceptual indices (RPE, TC, TS). 

In addition, blood samples were taken in accordance with section 3.17 for the 

determination of ∆PV and ∆BV. 

 

 

HST 

HADe 

HAEu HADe 

HAEu 

3 months 
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Isothermal heat strain sessions 

During each ISO participants exercised in the hot environment on a calibrated 

CompuTrainer cycle ergometer (RacerMate Inc., Seattle, WA, USA), initially 

selecting a work rate eliciting a rating of perceived exertion (RPE [Borg, 1982]) of 

15. This was maintained until Tre = 38.3°C, at which point external power output 

was adjusted as appropriate to maintain the target Tre (38.5 - 38.7°C) and a small 

amount of convective cooling (~2 - 3 m∙s-1) was used to facilitate the exercise 

component and provide some perceptual benefit whilst maintaining a high T̅sk 

(Figure 3.3). Participants completed eight 90 minute ISO sessions in each 

condition (Figure 5.2).   

 Control condition (HAEu) 

During HAEu participants consumed 1.75 L of 3.6 % carbohydrate-electrolyte fluid 

(Science In Sport, Nelson, UK) in 0.25 L boluses every 15 minutes (drink 

temperature 20°C), including immediately prior to and at the end of each ISO. 

After the exercise, participants were encouraged to drink ad libitum to ensure 

similar hydration for the following days.  

 Intervention condition (HADe) 

Permissive dehydration is defined as purposefully allowing a person to dehydrate 

through restricting fluid intake (Garrett et al., 2014); during HADe no fluid 

consumption was permitted during each ISO, or for 10 minutes after to promote 

responses to the dehydration stressor (Kenefick et al., 2007). Thereafter, 

participants consumed 1.75 L of the aforementioned beverage and were 

subsequently encouraged to drink ad libitum to ensure adequate hydration on 

arrival the following day.  
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Figure 5.2 Isothermal strain session (90 minutes, ambient conditions: 40°C, 50% RH). 
Participants maintained an elevated Tre (target 38.5[0.2]°C) through manipulation of 
external work rate. 
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Temperate graded exercise test 

All GXTs were performed on a Lode Excalibur cycle ergometer (Lode, Groningen, 

The Netherlands) in a temperate environment (Figure 5.3). Participants exercised 

for 20 minutes at 85 W or 110 W, dependent upon the estimated fitness of the 

participant (fixed within-participant). Thereafter, work-rate was incremented by 25 

W every 3 minutes until blood lactate concentration [Lac] was ≥4 mmol∙L-1, 

following which, the participant was given a five minute break before beginning 

cycling again at 100 W for five minutes. Work-rate was then increased 25 W∙min-1 

until volitional exhaustion. [Lac] was determined from fingertip capillary blood 

obtained at the end of each exercise stage (Biosen C-line, EKF Diagnostic, 

Cardiff, UK). Convective cooling was provided at a rate of 3.5 m∙s-1. 

 

 

 

 

 

 

 

 

 

 

5.2.4 General procedures 

Participants wore the same clothes on each day, abstained from alcohol 

throughout the experimental period or caffeine for 12 hours before exercise, 

consumed a similar diet before each test and drank 0.5 L of water two hours 

before every attendance. Participants were instructed to maintain their normal 

high-intensity training (except 24 hours before HSTs or GXTs) and replace an 

Figure 5.3 A graded exercise test was used to determine participants’ lactate threshold, 
V̇O2max and thermoregulatory response to exercise in a temperate environment (22°C, 
50% RH). 
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equivalent duration of low/moderate training with that completed in the laboratory 

to maintain usual training volume.  

Measurements were made in accordance with Chapter 3, although did not include 

the measurement for total haemoglobin mass (tHbmass). 

5.2.5 Data analyses 

Data were analysed as outlined in section 3.25 with the specific analyses and 

statistical tests applied to this study described below. 

Data assessing the hormonal changes (Aldosterone and HSP70) were determined 

with serially diluted standards to create a range across which concentrations of 

each sample could be interpolated from the net odds difference and percentage 

binding. Samples with determined concentrations outside this range have been 

omitted form the statistical analyses.  

 Statistical analyses 

Statistical analyses were undertaken using SPSS (IBM Version. 22, IBM, New 

York, NY, USA). Significance was set at P≤0.05; data are presented mean (SD) 

unless otherwise stated. Following tests for normality, two-way repeated measures 

ANOVA was used to analyse the main effects, i.e. changes in responses over time 

and between condition (HAEu vs. HADe), as well as the interaction effect (i.e. time 

× condition). The Greenhouse-Geisser/Huynh Feldt statistic was employed to 

account for violations of sphericity; post-hoc analysis of main and interaction 

effects was by Bonferroni adjusted Students t-test. Post-hoc analysis of significant 

time effects for ISO sessions were made relative to ISO1 only, with alpha adjusted 

accordingly. The Wilcoxon sign ranked test was used to analyse ordinal (RPE) 

data. Relationships between variables were assessed by Pearson’s correlation 

coefficient. Effect sizes are presented using the eta squared (η2) statistic following 

ANOVAs (η2 ≤0.02: small; 0.02-0.13: medium; 0.13-0.26: large; Cohen, 1988). η2 

was calculated as: 

η2 = sum of squares between / sum of squares total 
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 Results 5.3

5.3.1 Participant characteristics 

A total of eight participants were recruited for this study, all of whom completed 

both HAEu and HADe conditions, in a balanced cross-over design with sufficient 

washout. Participants in each condition did not differ in terms of age (t(7)=1.000, 

P=0.351), height (t(7)=1.00, P<0.001), body mass (t(7)=0.394, P=0.705), V̇O2max 

(t(7)=-1.314, P=0.230) or PPO (t(7)=-0.264, P=0.799) (Table 5.1). 

Table 5.1 Participant characteristics. Mean (SD) data for participants (n=8) who completed the 
HAEu and HADe programmes. 

Age (years) Height (m) Mass (kg) 
V̇O2max 

(L·min-1) 
PPO (W) 

21(3) 1.81(0.05) 76.4(4.4) 4.49(0.63) 344(49) 

5.3.2 Isothermal heat strain sessions 

Ambient conditions for ISO sessions were 39.3(0.5)°C, 56.2(5.1)% RH. All 

participants completed each ISO, in both conditions, with the daily exercise 

responses to each HA programme summarised in Table 5.2. A main effect for the 

influence of condition on mean session body weight loss indicted that 

hypohydration was achieved in HADe and euhydration was maintained in HAEu 

(body mass loss -2.71(0.82)% vs -0.56(0.73)%, P<0.001, η2=0.66). This effect was 

supported by the plasma osmolality changes within ISO1 whereby a significant 

condition (P=0.013, η2=0.26) and interaction effect were evident (P=0.016, 

η2=0.10), with post-hoc analysis indicating that plasma osmolality did not differ 

between conditions at baseline and was unchanged over HAEu (Pre=290[4] vs 

Post=287[4] mOsmo·kg-1), but increased over the course of the ISO session for 

HADe (Pre=293[5] vs Post=297[7] mOsmo·kg-1, P=0.006). Aldosterone 

concentration increased over ISO1 (P=0.001, η2=0.26), but the extent of any 

increase was not different between conditions (P=0.088, η2=0.01) and there was 

no interaction effect (HAEu Pre=2651[2700] vs Post=5859[4044] pmol·L-1; HADe 

Pre=2686[2496] vs Post=7741[4763] pmol·L-1, P=0.146, η2=0.01).  
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Over the course of each HA programme the time to reach the target Tre did not 

differ between conditions and the same elevated average Tre was maintained over 

the final 60 minutes of each session (Figure 5.4). Average power over the ISO 

sessions increased, but to a similar extent in both conditions; post-hoc analysis 

identified significant increases from the first day (ISO1) to the final day (ISO8). 

Conversely, fc reduced over time, particularly at ISO3, but again, this did not differ 

between conditions. Whole-body SR was augmented with HA irrespective of 

condition, with post-hoc comparisons to the initial ISO session indicating that this 

occurred from ISO4 onwards. Participants managed to maintain a stable pre-

exercise body mass and urine osmolality over the course of the intervention, in 

both conditions, despite an increased sweat rate and temporary hypohydration 

during HADe. 

 

 

Figure 5.4 Mean (SD) rectal temperature each minute during daily isothermal strain HA 
sessions (ambient conditions: 39.3[0.7]°C, 54.9[6.0]% RH); mean is taken from each participant 
and every session (n=8). The grey circles represent HAEu and the filled circles represent the 
HADe condition. Target rectal temperate was 38.5(0.2)°C, which is represented by the area 
between the dashed horizontal lines.   
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Table 5.2 Mean (SD) daily responses during 90 minute isothermal strain (ISO) heat acclimation sessions, with (HADe) and without (HAEu) permissive 
dehydration (n=8). Significant difference = P≤0.05. Post hoc comparison for time effects are relative to ISO1 and denoted by superscripted letter (

a
 = ISO1 vs. 

ISO2; 
b
 = ISO1 vs. ISO3; 

c
 = ISO1 vs. ISO4 etc.). 

 ISO1 ISO2 ISO3 ISO4 ISO5 ISO6 ISO7 ISO8 P value 

HAEu HADe HAEu HADe HAEu HADe HAEu HADe HAEu HADe HAEu HADe HAEu HADe HAEu HADe Time Condition Interactio
n 

Time to target Tre 
(minutes) 

29  
(5) 

31 
(10) 

31  
(6) 

28  
(7) 

31  
(8) 

28  
(8) 

31  
(5) 

33  
(7) 

32  
(8) 

29  
(5) 

37 
(12) 

32  
(6) 

39 
(15) 

36 
(11) 

34 
(11) 

32   
(7) 

0.018 0.335 0.812 

Average Tre (final 60 

minutes) (°C) 
38.68 
(0.07) 

38.65 
(0.18) 

38.56 
(0.16) 

38.62 
(0.09) 

38.60 
(0.08) 

38.59 
(0.20) 

38.60 
(0.16) 

38.59 
(0.08) 

38.58 
(0.16) 

38.60 
(0.12) 

38.50 
(0.19) 

38.56 
(0.11) 

38.43
(0.20) 

38.48 
(0.11) 

38.56 
(0.20) 

38.57 
(0.10) 

0.063 0.684 0.899 

Average fc  
(b∙min

-1
) 

148 
(10) 

146 
(13) 

146 
(8) 

146 
(11) 

141 
(10) 

139 
(10) 

141 
(9) 

136 
(7) 

143 
(9) 

142 
(9) 

140 
(7) 

142 
(9) 

143 
(11) 

143 
(10) 

138 
(8) 

147 
(10) 

0.019  
b 0.918 0.154 

Average power  
(W) 

80 
(19) 

70 
(22) 

105 
(19) 

88 
(20) 

90 
(22) 

81 
(25) 

93 
(18) 

92 
(19) 

97 
(26) 

91 
(17) 

97 
(28) 

97 
(19) 

109 
(28) 

98 
(16) 

108 
(29) 

106 
(18) 

<0.00
1 

g
 

0.485 0.649 

Pre-exercise mass 
(kg) 

76.8 
(4.7) 

75.9 
(4.8) 

77.3 
(4.3) 

76.4 
(5.1) 

77.4 
(4.7) 

76.4 
(5.2) 

77.4 
(4.7) 

76.4 
(5.3) 

77.5 
(5.0) 

76.4 
(5.1) 

77.3 
(5.0) 

76.7 
(5.1) 

77.1 
(4.5) 

76.5 
(5.0) 

77.3 
(4.3) 

76.7 
(4.7) 

0.186 0.263 0.800 

Whole-body SR  
(L∙hr

-1
) 

1.21 
(0.41) 

1.18 
(0.40) 

1.33 
(0.31) 

1.27 
(0.41) 

1.33 
(0.33) 

1.25 
(0.34) 

1.43 
(0.34) 

1.29 
(0.37) 

1.49 
(0.35) 

1.42 
(0.38) 

1.48 
(0.34) 

1.46 
(0.35) 

1.58 
(0.37) 

1.56 
(0.45) 

1.60 
(0.40) 

1.57 
(0.38) 

<0.00
1 

cdefg 0.229 0.066 

Urine osmolality 
(mOsmo·kg

-1
) 

329 
(188) 

487 
(273) 

277 
(152) 

408 
(243) 

325 
(168) 

432 
(219) 

420 
(209) 

304 
(103) 

294 
(115) 

415 
(320) 

348 
(209) 

404 
(190) 

337 
(122) 

335 
(210) 

249 
(144) 

292 
(212) 

0.649 0.287 0.442 

Body mass loss  
(%) 

0.26 
(0.81) 

2.35 
(0.89) 

0.45 
(0.69) 

2.51 
(0.89) 

0.32 
(0.68) 

2.46 
(0.75) 

0.54 
(0.70) 

2.56 
(0.82) 

0.64 
(0.72) 

2.80 
(0.83) 

0.62 
(0.71) 

2.88 
(0.77) 

0.78 
(0.78) 

3.04 
(0.84) 

0.86 
(0.82) 

3.09 
(0.81) 

<0.00
1 

dfg <.0.001 0.756 
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5.3.3 Heat acclimation 

The ambient conditions (39.4[0.3]°C, 52.8[2.8]% RH), MHP (7.3[1.1] W·kg-1) and 

external work rate (122(14) W) were the same across all HSTs. The 

thermophysiological, metabolic, biochemical and perceptual changes over the 

course of each HA programme, as measured during the HSTs, are summarised in 

Table 5.3. A number of main effects for time were identified, with post-hoc analysis 

showing that some HA was evident by HSTmid, as indicated by significantly 

reduced thermal strain at rest and during exercise, lower exercise cardiovascular 

strain, increased whole-body SR and increased blood volume and PV. However 

improved thermal comfort and sensation and reduced PSI were only becoming 

evident at HSTpost and there were further improvements in a number of thermal 

parameters from HSTmid to HSTpost. These adaptations were well maintained 

during the decay period with no significant changes in any parameter from HSTpost 

to HSTdecay, with the exception of a reduced whole-body SR and RER. Plasma 

aldosterone concentration was not assessed during HSTdecay but a time effect was 

evident over the time points assessed (P=0.048). Although the location of this 

effect could not be identified post-hoc, numerically, [aldo]p increased over the HA 

programme, but this did not differ between conditions and there was no interaction 

effect.  

 

The only significant differences between HA conditions was for ΔBV, which was 

lower in HADe, and also demonstrated a significant time × condition interaction. 

Although the location of any differences could not be located post-hoc, there was a 

trend for a between-conditions difference in HSTdecay (P=0.06). An interaction 

effect was also noted for ΔPV, but again, the location of any differences could not 

be located post-hoc, although numerically, the greatest difference between 

conditions was also in the decay period. 
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Table 5.3 Time course of adaptive response to exercise-heat stress test (HST) pre, mid, post and one-week after (decay) heat acclimation (HA), with 
(HADe) and without (HAEu) permissive dehydration. Data are Mean (SD) or Median (range) for non-parametric RPE data. Significant difference=P≤0.05; 
n=8 unless otherwise stated. Significant post-hoc time effects are denoted by superscripted letter

 
(
a
=HSTpre vs. HSTmid; 

b
=HSTpre vs.  HSTpost; 

c
=HSTpre vs.  

HSTdecay; 
d
=HSTmid; vs.  HSTpost; 

e
=HSTmid; vs.  HSTdecay; 

f
=HSTpost vs.  HSTdecay). Table continues overleaf.  

 HSTpre HSTmid HSTpost HSTdecay P value 

 HAEu HADe HAEu HADe HAEu HADe HAEu HADe Time Condition Interaction 

Thermal 
           

Resting Tre (°C)  37.12(0.23) 37.28(0.50) 36.75(0.18) 37.07(0.46) 36.74(0.39) 36.96(0.43) 36.77(0.43) 37.10(0.47) 0.000 
ab 

0.104 0.469 
Exercise Tre (°C) 37.89(0.30) 37.90(0.49) 37.57(0.24) 37.73(0.41) 37.40(0.20) 37.63(0.30) 37.46(0.31) 37.61(0.48) 0.000 

abcd 
0.360 0.489 

End exercise Tre (°C) 38.72(0.52) 38.58(0.63) 38.32(0.39) 38.38(0.45) 38.00(0.37) 38.20(0.33) 38.07(0.31) 38.13(0.63) 0.001 
abcd 

0.809 0.593 
Resting T̅sk (°C)

 
 36.59(0.42) 36.40(0.48) 36.43(0.37) 36.38(0.42) 36.15(0.43) 36.15(0.44) 36.06(0.56) 36.10(0.82) 0.022 

acd 
0.768 0.670 

Exercise T̅sk (°C)  37.85(0.47) 37.68(0.31) 37.47(0.33) 37.45(0.33) 37.24(0.50) 37.20(0.26) 37.33(0.48) 36.99(0.65) 0.001 
abcd 

0.135 0.325 
End exercise T̅sk (°C) 38.24(0.70) 37.96(0.66) 37.66(0.51) 37.61(0.62) 37.25(0.73) 37.04(0.69) 37.40(0.72) 37.07(0.77) 0.000 

abcd 
0.096 0.851 

Resting T̅b (°C) 37.07(0.25) 37.19(0.49) 36.72(0.19) 37.00(0.45) 36.68(0.38) 36.88(0.40) 36.70(0.43) 37.00(0.45) 0.000 
abc 

0.137 0.372 
Exercise T̅b (°C) 37.88(0.31) 37.88(0.46) 37.56(0.23) 37.70(0.39) 37.39(0.21) 37.58(0.28) 37.45(0.32) 37.55(0.46) 0.000 

abcd 
0.427 0.465 

End exercise T̅b (°C) 38.67(0.51) 38.52(0.62) 38.25(0.38) 38.30(0.46) 37.92(0.36) 38.09(0.32) 37.99(0.30) 38.02(0.61) 0.000 
abcd 

0.890 0.463 

Thermoregulatory 
           

Whole-body SR (L∙hr
-1

) 
n=7

 1.54(0.38) 1.39(0.35) 1.81(0.61) 1.63(0.38) 1.98(0.62) 1.76(0.40) 1.69(0.55) 1.54(0.36) 0.000 
abf 

0.143 0.808 
Upper-back SR (L·m

2
·h

-1
) 0.54(0.16) 0.59(0.17) 0.68(0.20) 0.54(0.16) 0.67(0.23) 0.62(0.15) 0.63(0.25) 0.60(0.20) 0.487   0.663 0.141

 

Sweat sodium  (mmol·L
-1

) 104(23) 123(40) 99(48) 82(31) 88(50) 86(29) 107(47) 107(40) 0.026
 

0.996 0.194 
Skin blood flow (arbitrary units) 279(92) 275(124) 282(63) 287(60) 302(72) 267(102) 258(54) 276(94) 0.863 0.881 0.648 
Resting  fc (b∙min

-1
) 

n=7
 86(11) 84(9) 80(9) 80(9) 75(11) 77(9) 81(13) 80(11) 0.007 

b
 0.855 0.775 

Exercise  fc (b∙min
-1

) 150(13) 143(12) 135(11) 135(10) 129(10) 133(11) 135(12) 134(14) 0.000 
abc 

0.818 0.153 
End exercise fc (b∙min

-1
) 161(14) 155(16) 144(16) 146(13) 139(11) 143(12) 143(17) 145(18) 0.000 

bc 
0.933 0.370 

Mean exercise PSI (arbitrary 
units) 

4.8(1.0) 4.3(0.8) 4.0(1.0) 3.9(0.6) 3.7(0.9) 3.9(0.5) 3.8(0.7) 3.6(1.0) 0.000 
bc 

0.654 0.338 

End exercise PSI (arbitrary 
units) 

7.3(1.5) 6.7(1.7) 5.8(1.4) 6.0(1.1) 4.9(1.2) 5.5(0.7) 5.2(1.1) 5.4(1.8) 0.000 
bcd

 0.854 0.298 

Δ Plasma volume (%)  0(0) 0(0) 8.1(8.2) 6.3(4.2) 8.1(7.1) 5.5(6.3) 8.5(8.1) 0.3(5.0) 0.002 
ab 

0.197 0.050 
Δ Blood volume (%) 0(0) 0(0) 5.3(3.3) 3.1(2.3) 5.9(2.5) 3.0(4.0) 7.0(5.6) 0.2(2.4) 0.002 

ab 
0.011

 
0.007 

Δ Plasma osmolality (pre vs. 
post exercise) (mOsmo·kg

-1
) 

n=7
 

-4(6) -4(7) -4(9) -3(7) -4(4) -2(4) -1(7) 1(5) 0.466 0.713 0.939 
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 HSTpre HSTmid HSTpost HSTdecay P value 

 HAEu HADe HAEu HADe HAEu HADe HAEu HADe Time Condition Interaction 

Biochemical 
           

Baseline [aldo]p (pmol·L
-1

)  1728(1213) 1593(1513) 2031(2182) 1965(1776) 2629(2372) 2393(2047) - - 0.048 0.521 0.967 
Baseline e[HSP70] (pg·mL

-1
) 

n=6
 228(137) 223(141) 157(42) 197(121) 160(129) 200(95) 241(138) 237(194) 0.467 0.268 0.845 

Metabolic 
           

External work rate (W) 123(14) 122(14) 123(15) 122(14) 123(17) 120(13) 120(14) 121(13) 0.333 0.786 0.818 
Metabolic heat production 
(W·kg

-1
) 

7.5(1.7) 7.4(1.2) 7.4(1.5) 7.5(0.6) 7.3(1.2) 7.2(0.5) 6.8(0.7) 7.0(1.0) 0.186
 

0.989 0.832 

V̇O2 (L∙min
-1

) 2.10(0.24) 2.06(0.24) 1.99(0.28) 2.01(0.24) 1.97(0.25) 1.95(0.22) 1.89(0.21) 1.91(0.25) 0.007
 

0.922 0.857 
RER 0.92(0.07) 0.90(0.04) 0.94(0.04) 0.94(0.03) 0.98(0.04) 0.93(0.04) 0.91(0.05) 0.91(0.05) 0.011 

ef
 0.178 0.176 

Perceptual 
           

RPE 13(5) 13(5) 13(3) 12(3) 12(3) 12(4) 12(4) 11(3) HAEu: P=0.024; HADe: P=0.044 
Thermal comfort (cm) 6.1(4.1) 6.8(4.6) 6.7(4.2) 8.1(2.8) 9.0(3.5) 9.4(3.1) 8.8(3.9) 9.6(3.2) 0.000 

bcde 
0.445 0.764 

Thermal sensation (cm) 16.5(1.6) 16.1(2.1) 16.3(1.7) 15.3(1.5) 15.3(1.5) 15.0(1.7) 15.0(1.6) 14.4(1.8) 0.000 
bce 

0.244 0.432 
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5.3.4 Temperate exercise 

Ambient conditions for the GXT were 22.0(0.2)°C, 54.6(5.0)% RH. Both of the heat 

acclimation programmes reduced the thermo-physiological burden under 

temperate conditions, as evidenced by a significant time effect (GXTpre vs. 

GXTpost) for resting and exercise Tre and heart rate, end exercise T̅b (all reduced), 

and skin blood flow (increased). The only significant condition effect was for RER, 

which was higher in HAEu than HADe, but there were no significant interaction 

effects (Table 5.4).   

With regard to parameters related to endurance performance, there were no 

significant main effects for time or condition, or the time × condition interaction for 

lactate threshold or GME (Figure 5.5). There was a significant main effect of time 

on PPO (P=0.033) and V̇̇O2max (P=0.020) achieved during the GXT, but the 

condition and interaction effects were not significant (Figure 5.5); although 

numerically, mean V̇̇O2max increased (+7.2(6.1)%) in the HAEu condition and did 

not change (+1.0(6.4)%) in the HADe condition, whereas the effect was similar in 

both conditions for PPO: HADe +5.4(5.1)%; HAEu +4.8(8.4)%. The increase in 

PPO was not correlated with any of the improvements in thermoregulatory function 

and the increase in V̇O2max did not correlate with the change in PV (r(8)=0.253, 

P=0.545). Furthermore, when V̇O2max was normalised to body mass, there were no 

significant main or interaction effects. Maximum heart rate (fcmax) reached in the 

GXT was significantly reduced following HA (from 187(7) b·min-1 to 183(7) b·min-1 

in HAEu and from 189(10) to 181(9) b·min-1 in HADe, P=0.003) but, the condition 

and interaction effects were, again, not significant. 
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Table 5.4 Mean (SD) thermo-physiological responses to exercise in temperate conditions (fixed submaximal initial portion of GXT) before and after heat 
acclimation, with (HADe) and without (HAEu) permissive dehydration (n=8). Data refer to average during 20 minute exercise period, unless otherwise stated. 
*
=significant difference (P≤0.05) for HSTpre vs. HSTpost. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Pre-HA Post-HA P value 

HAEu HADe HAEu HADe Time Condition Interaction 

Thermal        
Resting Tre (°C)  37.29(0.25) 37.43(0.30) 37.11(0.27) 37.21(0.33) 0.048* 0.128 0.777 
Exercise Tre (°C) 37.36(0.28) 37.50(0.27) 37.18(0.23) 37.23(0.30) 0.026* 0.188 0.388 
End exercise Tre (°C) 37.48(0.23) 37.68(0.23) 37.35(0.22) 37.38(0.25) 0.026* 0.110 0.147 
Resting T̅sk (°C)

 
 31.54(0.53) 32.06(0.77) 32.10(0.65) 31.88(0.56) 0.325 0.453 0.089 

Exercise T̅sk (°C) 29.96(0.58) 30.17(1.15) 29.98(0.53) 29.83(0.67) 0.599 0.901 0.584 
End exercise T̅sk (°C) 29.93(0.78) 29.91(1.28) 29.65(0.54) 29.56(0.65) 0.297 0.883 0.910 
Resting T̅b (°C) 36.71(0.21) 36.89(0.34) 36.61(0.28) 36.67(0.34) 0.101 0.158 0.415 
Exercise T̅b (°C) 36.62(0.26) 36.77(0.34) 36.46(0.24) 36.49(0.33) 0.054 0.277 0.404 
End exercise T̅b (°C) 36.72(0.20) 36.90(0.32) 36.58(0.22) 36.60(0.27) 0.047* 0.287 0.196 

Thermoregulatory        
Upper-back SR (L·m

2
·h

-1
) 0.15(0.08) 0.17(0.08) 0.16(0.07) 0.12(0.05) 0.402 0.850 0.096 

Forearm skin blood flow 
(arbitrary units) 

61(32) 59(20) 
66(34) 75(22) 0.044* 0.817 0.374 

Resting fc (b∙min
-1

) 78(12) 79(11) 72(13) 69(13) 0.007* 0.639 0.369 
Exercise fc (b∙min

-1
) 109(7) 114(9) 104(9) 104(6) 0.015* 0.487 0.072 

Metabolic        
V̇O2 (L∙min

-1
) 1.85(0.24) 1.95(0.25) 1.89(0.22) 1.83(0.22) 0.091 0.678 0.065 

RER 0.91(0.03) 0.88(0.04) 0.91(0.04) 0.89(0.03) 0.447 0.033  0.618 
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Figure 5.5 Mean (SD) (n=8) data from the GXT (22°C, 50% RH) pre- and post- HAEu (grey circles) and 
HADe (filled circles) for the measurement of, A: Lactate threshold; B: Gross mechanical efficiency; C: 
Maximal oxygen uptake; D: Peak power output. * denotes a significant change over time (P≤0.05).  
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 Discussion 5.4

The main findings of the present study were: i) there was substantial evidence of 

adaptation to heat over both the short- and longer-term phases of the present 

study, but the time course and magnitude of the acquisition and decay of HA were 

largely unaffected by permissive dehydration, compared to maintaining 

euhydration; ii) permissive dehydration did not positively influence the effect of HA 

on key parameters related to endurance performance (V̇O2max, LT, GME) and 

although there was a small ergogenic effect (4.7[6.3]% increased PPO), this was 

not affected by the drinking regimen. Therefore, both hypotheses, that dehydration 

accompanying HA would improve the time-course and magnitude of HA and 

induce a greater ergogenic effect than euhydrated HA, should be rejected.  

 

The primary finding does not support the suggestion that dehydration provides an 

additional stimulus for the induction of HA (Akerman et al., 2016; Garrett et al., 

2012; Garrett et al., 2014; Périard et al., 2015). Whereas the data from the short-

term phase are at odds with recent work indicating that dehydrating during 90 

minute daily exercise-heat stress within a five-day isothermal HA programme 

facilitated some aspects of HA (Garrett et al., 2014), but the reason for these 

discrepant findings is unclear. Participants reported to the laboratory with a similar 

body mass and urine osmolality on each occasion, irrespective of drinking 

condition. Thereafter, a clear separation of hydration state was achieved: in HAEu 

body mass was maintained consistent with euhydration (-0.56(0.71)% body mass 

change); in HADe body mas was reduced (-2.71(0.82)% body mass change) to a 

degree consistent with hypohydration (Cheuvront et al., 2010; Cheuvront et al., 

2014) and similar to previous studies employing a permissive-dehydration HA 

programme (-1.8 to -3.1% average body mass change (Garrett et al., 2012; 

Garrett et al., 2014; Neal et al., 2015/Chapter 4). Likewise, baseline plasma 

osmolality was within the normative range (Cheuvront et al., 2010) and was 

maintained in HAEu, but increased in HADe to a level consistent with mild 

dehydration (Cheuvront et al., 2010), although this was not measured in all ISO 

sessions. Nevertheless, assuming a constant sweating rate, hypohydration (body 

mass change >-2%) will only have been achieved for the final ~23 minutes of each 
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ISO and maintained for a further 10 minute rest period before fluid consumption, 

which may have been insufficient to influence the fluid-regulatory mechanisms that 

are hypothesised to be integral to any effects on HA (Akerman et al., 2016; Garrett 

et al., 2012; Garrett et al., 2014; Périard et al., 2015). Indeed, the increased 

plasma osmolality in HADe did not surpass the threshold 2% increase in 

osmolality that may be obligatory for compensatory renal water conservation 

(Cheuvront et al., 2014) and although [aldo]p was increased by the exercise-heat 

stress, this was not affected by permissive dehydration, at least within ISO1. 

Interestingly, despite a ~33% lower body mass change during each ISO compared 

to the present study, increases in the within session [aldo]p across the course of 

the HA regimen explained ~50% of the PV and heart rate changes with permissive 

dehydration reported by Garrett et al. (2014). Although, similar to the present 

study, no between-conditions difference was evident for [aldo]p within ISO1 and 

some caution is warranted in the interpretation of these relationships given their 

small sample size (n=5) and the associated potential for type I error. 

 

Aerobic fitness reduces the strain induced by mild hypohydration (Merry et al., 

2010), and aerobically fit individuals require a greater stimulus to challenge the 

fluid-regulatory processes than less fit individuals (Merry et al., 2008) whereas a 

more sustained stimulus might be required to optimise the rebound hypervolemic 

response (Akerman et al., 2016). Nevertheless, the fitness of our participants 

(V̇O2max 57(7) mL·kg-1·min-1; PPO 338(49) W) was comparable to Garrett et al. 

(2014) (V̇O2max 60(7) mL·kg-1·min-1; PPO 340(30) W), whereas greater 

hypohydration lacks ecological validity and could impair some training adaptations 

(Judelson et al., 2008) and, in rodents at least, might impair aspects of the 

genomic (Schwimmer et al., 2006) and phenotypic (Horowitz et al., 1999) 

adaptation to heat (Akerman et al., 2016). Moreover, the drinking regimens were 

virtually identical, and Kovacs et al. (2002) demonstrated that earlier, rather than 

later, carbohydrate-electrolyte fluid replacement is crucial for recovering PV 

following ~3% body weight loss. Alternatively, because fluid consumption may 

need to exceed fluid losses by ~50% to restore euhydration in a hypohydrated 

individual (Sherriffs et al., 1998), the ad libitum intake of fluid, electrolyte and 
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protein following the permissive dehydration may have been insufficient to enable 

any additional hypervolemic adaptation (Kay et al., 2005), but this is not supported 

by the stable daily body mass and (euhydrated) urine osmolality and while there 

was some evidence for reduced blood volume change in HADe, this appeared to 

be during the decay, rather than induction, phase. Overall, given the substantial 

similarities in study-design, the reasons for differences between Garrett et al. 

(2014) and the short-term phase of the present study remain largely unclear. The 

lack of effect of permissive dehydration over a longer-term HA is, perhaps, less 

surprising given a) the modest degree of hypohydration induced, b) the minimal 

influence that this likely had on fluid-regulatory mechanisms (Cheuvront et al., 

2014), c) the rapid time-course over which haematological and cardiovascular 

adaptations to heat manifest (Périard et al., 2015), and d) the isothermal strain. 

Importantly, although permissive dehydration did not positively influence HA, no 

notable negative effects were evident either; traditional guidance to maintain 

hydration during HA (Bergeron et al., 2012) may be unnecessary when individuals 

commence exercise in a euhydrated state and where a transient mild 

hypohydration is induced.  

 

Because some aspects of HA develop rapidly (Périard et al., 2015), there has 

been considerable interest in short-term HA programmes (Garrett et al., 2012; 

Garrett et al., 2014; Neal et al., 2015), particularly for trained individuals who are 

typically partially heat acclimated and may adapt more rapidly (Périard et al., 

2015), as well as for logistical reasons (Garrett et al., 2012; Garrett et al., 2014).  A 

recent meta-analysis suggests there is little difference in some aspects of HA over 

the short and longer-time scales that we studied (Tyler et al., 2016), although few 

of the studies included repeated measures on the same participants and most 

employed a controlled work-rate regimen (66%), rather than isothermal-exercise 

approach (11%), meaning that the adaptation stimulus would have reduced over 

time. In the present study, which employed an isothermal exercise-heat stress 

approach, significant hypervolemia, increased whole-body sweat rate and 

reductions in indices of thermal and cardiovascular strain were evident at HSTmid, 

indicating that notable adaptation was achieved within this brief timescale, as 
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others have also demonstrated (Garrett et al., 2012; Garrett et al., 2014; Neal et 

al., 2015). For some indices, such as PV expansion, exercise heart rate and whole 

body SR, there was no further significant change beyond HSTmid. In contrast, 

further reduction in thermal strain, including exercise Tre, T̅sk and T̅b, was evident 

from HSTmid to HSTpost, whereas reduced PSI and perceptual benefits (improved 

thermal comfort and sensation) did not manifest until HSTpost. Taken together, this 

indicates that the HA phenotype was not fully developed by HSTmid. The temporal 

pattern of adaptation was broadly consistent with the general consensus regarding 

the time-course of human HA, particularly with respect to the rapid accrual of PV 

and associated improvement in cardiovascular function (Périard et al., 2015). In 

contrast, sudomotor adaptations are typically regarded as being slower to develop 

(Périard et al., 2015), whereas in the present study whole body sweat rate was 

unchanged beyond HSTmid. However, the reducing sweat [Na+] will have facilitated 

sweat evaporation and the progressive reductions in Tre and T̅b observed in the 

HSTs would reduce the thermoafferent sudomotor drive. Moreover, these 

participants displayed high initial sweating rates, presumably as a consequence of 

frequent exposure to high endogenous thermal load through their habitual training; 

fitter individuals have smaller scope for adaptation, but tend to adapt more rapidly 

than less fit individuals (Périard et al., 2015) and pronounced sudomotor adaption 

has previously been documented with short-term HA (Neal et al., 2015). Resting 

[aldo]p also increased over the HA regimen, which is in keeping with a recent 

meta-analysis indicating a small effect of HA on resting [aldo]p, (Tyler et al., 2016) 

but [HSP70] was unchanged following HA. The [HSP70] response was somewhat 

surprising since we repeatedly exceeded the proposed endogenous temperature 

threshold for [HSP70] release (Gibson et al., 2014), although results from meta-

analysis suggests that the effect of HA on extracellular [HSP] is trivial, relative to 

intracellular [HSP] (Tyler et al., 2016), and basal values may be unchanged during 

HA (Magalhães et al., 2010). Moreover, the responses could have been blunted by 

the aerobic training habitually undertaken by our participants and the associated 

frequent elevations in TC, which would likely render them partially heat acclimated 

(Périard et al., 2015). 
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The present study also sought to investigate the extent to which any adaptation to 

heat was maintained over a seven-day decay period, and whether this was 

affected by the fluid consumption regimen employed during the HA. Relative to the 

time-course of induction, the decay in adaptation following HA is poorly 

documented, but it is generally believed that the haematological and 

cardiovascular adaptions are among the quickest to decay (Périard et al., 2015; 

Williams et al., 1967); aspects of the adaptive response most likely to be affected 

by permissive dehydration (Garrett et al., 2014). Nevertheless, the multitude of 

approaches used for the induction and assessment of HA and use of limited 

sample sizes of varying fitness means that there is considerable variation within 

the published literature regarding the time course of decay of HA. For instance, 

Williams et al. (1967) reported that, among a group of South African miners who 

had undertaken a 16-day HA regimen in hot-humid conditions, adaptations in heart 

rate and mean sweat rate declined by ~50% within one week, with a 25% loss in 

the adaptation in Tre. In contrast, Pandolf et al. (1977) showed little decline in heart 

rate or Tre in fit young men up to 18-days after a nine-day dry HA regimen and 

Weller et al. (2007) showed little decay in Tre or heart rate 12-days after 

completing a 14-day dry-heat acclimation regimen. The 2009 study from Garrett et 

al. included a similar induction stimulus and participant training status to the 

present study and reported that adaptations generally persisted for one but not two 

weeks following acclimation, but expanded PV was reduced to baselines levels 

one-week post-HA although a reduced fc was maintained. Indeed, it has been 

suggested that the retention of HA benefits is superior in aerobically fit individuals 

and with acclimating to dry heat (Pandolf et al., 1998). The results of the present 

study are broadly in keeping with this assertion as there was no significant decay 

in most of the typical indices of physiological strain/HA over the seven-day decay 

period; although SR and RER were diminished relative to HSTpost, they remained 

above baseline values and no differences were evident between the drinking 

conditions. However, there was a trend for blood volume to decay to a greater 

extent with HADe, but this did not notably influence indices of thermophysiological 

strain and should be interpreted cautiously given that it was under free-living 

conditions. 
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An ancillary aim of the present study was to investigate the ergogenic potential of 

HA and whether permissive dehydration augmented any ergogenic effects of HA. 

However, irrespective of drinking regimen, there was no mean effect of HA on LT, 

or GME, but given the similarity in the adaptive response to heat the lack of 

between-groups differences is unsurprising. The study did find an increase in 

V̇O2max over time, which occurred in the HAEu condition only, although there were 

no significant interaction effects overall and was not maintained when V̇O2max was 

normalised to body mass. On the whole, these findings contrast with a number of 

studies that have shown an effect of HA on these parameters (Lorenzo et al., 

2010; Sawka et al., 1983; Sawka et al., 1985). Although, these studies have often 

lacked adequate control and often a simple training effect cannot be excluded 

(Corbett et al., 2014). The possibility of a training effect was reduced in the present 

study by the recruitment of competitive athletes whereas the perception based 

prescription of work rate during the initial portion of the ISO session and modest 

hypohydration resulted in similar cardiovascular strain and training stimulus in 

each group. Although pronounced PV expansion was evident in both drinking 

conditions, these were not correlated with the change in V̇O2max. This is in contrast 

to Lorenzo et al. (2010), who demonstrated increased V̇O2max concomitant with HA 

induced PV expansion, but is consistent with recent work showing no mean effect 

of HA induced PV expansion on V̇O2max (Karlsen et al., 2015; Keiser et al., 2015). 

The reason for these equivocal findings is not entirely clear, although in Lorenzo et 

al. (2010) the relative intensity of training sessions in the heat was higher than that 

of a control group undertaking training under cool conditions and the possibility of 

an additional training stimulus cannot be excluded. Cardiovascular strain was 

matched between control and experimental groups in Keiser et al. (2015), 

although it may have been higher in the experimental group of Karlsen et al. 

(2015). Alternatively, while the effect PV expansion on V̇O2max appears 

unfavourable at the population level for trained individuals, there appears to be 

substantial inter-individual variation (Keiser et al., 2015), possibly due to 

individuality in the balance between increased cardiac output and the 

haemodilution effect on O2-carrying capacity. When pronounced inter-individual 
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variation is combined with relatively small sample sizes, the data may not reflect 

population characteristics, although at the elite performance level these individual 

differences may be important. A combined-stressor approach, employing the 

erythropoietic effect of hypoxia to offset haemodilution, may prove fruitful in the 

future, although any potential benefits on red cell volume may be negated by the 

influence of hypoxia on PV. 

 

Results from a meta-analysis have also concluded that there may be a small effect 

of HA on GME during exercise in the heat (Weller et al., 2007), but with the 

exception of studies lacking appropriate control (Sawka et al., 1983), there 

appears to be little evidence for an effect of HA on GME in humans under 

temperate conditions (Karlsen et al., 2015). Nevertheless, a small ergogenic effect 

was apparent as indicated by a 4.6% increase in PPO achieved at the end of the 

GXT, irrespective of drinking condition, but the mechanisms underpinning this 

ergogenic effect are unclear given the lack of consistent change in V̇O2max, LT and 

GME. The effect of ambient temperature on aerobic exercise is a continuum, with 

an exponential performance decline at temperatures above ~10°C (Corbett et al., 

2014; Galloway & Maughan, 1997). Although it is clear that HA attenuates the 

performance decrement in hot environments, it has been hypothesised that the 

improved thermoregulatory capability with HA should also attenuate the heat-

related performance decrement evident under more temperate conditions (Corbett 

et al., 2014). Indeed significant reductions in thermal strain were evident in the 

sub-maximal exercise preceding the GXT, but none of these changes were 

correlated with the performance improvement, and the Tre at exercise termination 

was similar pre- vs. post-HA, and below the levels associated with impaired 

performance. Alternatively, a simple placebo or learning effect on PPO cannot be 

excluded, as a sham treatment or temperate training group was not included; the 

primary purpose of the present study was to examine the influence of hydration on 

HA and performance, rather than the effect of HA per se.  

 

In summary, the present study was the first to examine the influence of 

dehydration on short- and longer-term HA and its subsequent decay, as well as 
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the effect of a longer-term HA regimen with permissive dehydration on key 

endurance performance parameters. The results demonstrate that, compared to 

maintaining euhydration, permissive dehydration which induces a mild, transient, 

hypohydration does not notably influence the acquisition of HA over a short or 

longer time-scale, or its subsequent decay, in trained individuals undertaking an 

isothermal HA regimen. Furthermore, neither HA regimen affected relative V̇O2max, 

LT, or GME. PPO was increased consistent with a small ergogenic effect of HA, 

but this was not affected by the drinking regimen and should be interpreted 

cautiously in the absence of a plausible mechanism. 

Since this study showed that augmented stress, i.e. heat plus dehydration stress, 

did not induce greater PV responses than heat stress alone; it raised the question 

as to how else blood volume responses could be augmented, since this may be a 

potential mechanism for an ergogenic effect on temperate endurance 

performance. Focus shifted to expanding other blood volume parameters in 

addition to PV with HA, particularly red blood cell volume, which is often implicated 

in hypoxia research (Garvican et al., 2012; Garvican-Lewis et al., 2015; Levine & 

Stray-Gundersen, 2005; Reynafarje et al., 1964; Robach et al., 2006) and is 

examined subsequently.  
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6 STUDY THREE: THE EFFECT OF DAILY HYPOXIC 

EXPOSURE ON HEAT ACCLIMATION AND 

TEMPERATE EXERCISE PERFORMANCE 

 Introduction  6.1

Stressors perturbing the body’s internal environment will evoke an effector 

response to counter that perturbation. Repeated perturbations elicit adaptations to 

better accommodate the stressor. Historically the adaptations to environmental 

stressors (e.g. cold, heat and hypoxia) have been examined in isolation. Yet it has 

recently been highlighted that environmental stressors are often encountered in 

combination (e.g. cold and hypoxia) with many individuals required to work and 

compete in multi-stressor environments (Tipton, 2012). However, it cannot be 

assumed that the adaptive response to stressors when examined in isolation will 

afford the same response as when combined (Lloyd & Havenith, 2016; Tipton, 

2012). Furthermore, adaptation has generic as well as specific components. The 

generic components (e.g. associated with the autonomic nervous system) may be 

additive and therefore combined stressor adaptation may offer a greater response. 

Consequently, there is a need to better understand the adaptations to multiple-

coexisting stressors (Tipton, 2012). 

The phenotypic adaptation to heat alone i.e. heat acclimation, is acquired through 

frequent repeated exposures to heat, which elevate Tc and Tsk to a level sufficient 

to increase skin blood flow and promote sweating (e.g. Lind & Bass, 1962; Regan, 

1996). Although the precise time-course of adaption may be protocol specific 

(Patterson et al., 2014; Périard et al., 2015), at a systemic level, PV expansion is 

typically among the initial adaptations to heat, occurring within three- to four-days 

of repeated heat exposure (Senay et al., 1976; Sawka & Coyle, 1999). The 

resultant hypervolemia augments vascular filling pressure which increases stroke 

volume and arterial blood pressure (Nielsen et al., 1993; Senay et al., 1976) and 

lowers heart rate at a given submaximal work rate (Lind & Bass, 1962; Robinson 

et al., 1943; Shvartz et al., 1977; Weller et al., 2007; Wyndham, 1951; Wyndham 
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et al., 1976). In addition, PV expansion will increase the specific heat capacity of 

blood (Blake et al., 2000), aiding core-skin heat transfer and reducing cutaneous 

blood flow requirements (Roberts et al., 1977; Sawka et al., 2011). Together, this 

improves cardiovascular stability (Périard et al., 2016; Senay et al., 1976) and 

increases maximal cardiac output (Lorenzo et al., 2010). Sudomotor adaptations 

are optimised after seven- to 14-days and characterised by a lowering of the 

sweating threshold and greater sweating sensitivity (Roberts et al., 1977), which 

contribute to a lower Tsk (Lind & Bass, 1962; Robinson et al., 1943; Weller et al., 

2007; Wyndham, 1951; Wyndham et al., 1976). At a cellular level acquired thermal 

thermotolerance (the cytoprotective effects of heat) (Kregel, 1985) stems from two 

stress response pathways activated with acute heat exposure: 1) the induced heat 

shock response (HSR, Morimoto, 1998; Fehrenhach et al., 2001; Lee et al., 2014), 

which increases heat shock proteins (HSP70 and HSP90) (Lee et al., 2016; 

Maloyan et al., 2005; McClung et al., 2008; Sandstrim et al., 2008); and, 2) the 

HIF-1α pathway (Assayag et al., 2012; Maloyan et al., 2005; Tetievsky et al., 2008; 

Umschweif et al., 2013) which increases vascular endothelial growth factor 

(VEGF) and erythropoietin (Maloyan et al., 2005) and also influences the 

production of HSPs (Baird et al., 2006).  

The adaptive responses to hypoxia result from a decreased partial pressure of 

oxygen (PO2). This typically occurs with increasing altitude, where the oxygen 

fraction remains unchanged, but barometric pressure progressively decreases, 

resulting in a decreased PO2 (i.e. hypobaric hypoxia); a similar effect can be 

achieved at sea level through a reduction in FIO2 (i.e. normobaric hypoxia). A 

lowered PO2 reduces the slope of the oxygen transport cascade from the 

atmosphere to the tissues resulting in arterial hypoxemia. At the systemic level, 

this stimulates chemoreceptors in the aortic arch and carotid bodies, rapidly 

increasing sympatho-adrenal activity and elevating heart rate and cardiac output 

(Hansen & Sanders, 2003; Hopkins et al., 2003; Mazzeo et al., 1991; Mazzeo et 

al., 1994; Mazzeo et al., 1995) whereas noradrenaline levels may progressively 

increase over the first six-days of exposure (Mazzeo, 2008; Mazzeo, 2016). 

Simultaneously, increased alveolar ventilation induces respiratory alkalosis (Lahiri, 

2000) and diuresis (Hannon et al., 1969), leading to a decrease in PV (Alexander 
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et al., 1983; Dill et al., 1974; Sawka et al., 1996; Sawka et al., 2000). Despite the 

resultant hypovolemia, the oxygen carrying capacity for a given blood volume is 

increased due to haemoconcentration (Koller et al., 1991) enabling increased 

arterial oxygen content (Young & Young, 1988), reduced cardiac output for a given 

oxygen demand, and improving oxygen delivery to muscles and economy. With 

chronic hypoxia, stimulation of erythropoiesis increases erythrocyte volume (EV) 

and may offset the reduction in total blood volume (Garvican et al., 2012; 

Garvican-Lewis et al., 2015; Levine & Stray-Gundersen, 2005; Reynafarje et al., 

1964; Robach et al., 2006). At the cellular level, hypoxic stress activates HIF-1α 

(Semenza, 2000; Wenger, 2002) which stimulates a cascade of effects including 

erythropoiesis but also induces the HSR (Lee et al., 2014; Taylor et al., 2011) and 

increases resting mononuclear HSP72 (Lee et al., 2016).  

The commonalities in the cellular and systemic adaptive responses to heat and 

hypoxic stressors have recently been highlighted (Ely et al., 2014; Gibson et al., 

2015c; Heled et al., 2012; Lee et al., 2014). Synergies include molecular pathways 

(e.g. HIF-1 and HSPs), which are being explored from a cross-tolerance approach 

(Ely et al., 2014), reduced heart rate (Grover et al., 1986; Tyler et al. 2016), and 

reduced lactate accumulation (Febbraio et al., 1985; Young et al., 1985). On the 

other hand, contrasting haematological responses are evident; the expanded PV 

with HA appears to be important for improving cardiovascular stability and 

augmenting V̇O2max via increased cardiac output (Lorenzo et al., 2010), whereas 

hypoxic exposure reduces PV (Sawka et al., 2000). This observation is important 

because heat and hypoxia are often encountered together, for example in summer 

training camps in Colorado (up to 40°C and ~2,000 m) and Albuquerque (~30°C, 

1,600 m) while athletes will often sleep in a hypoxic environment to induce 

favourable haematological adaptations, but may simultaneously attempt to adapt 

to heat prior to competitions in the heat. Accordingly, the effect of these stressors 

in combination on HA warrants investigation. 

An ancillary question which this study sought to explore was whether heat 

acclimation was ergogenic under temperate (normoxic) environments and if this 

was influenced by the addition of hypoxia to the HA programme. The ergogenic 

effect of hypoxia has been well established; a recent meta-analysis concluded that 
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normobaric hypoxic protocols were effective at improving sea level performance in 

athletes (Bonetti & Hopkins, 2009). More recently, the ergogenic potential of HA 

has received increased attention (Corbett et al., 2014; Karlsen et al., 2015; Keiser 

et al., 2015; Lorenzo et al., 2010; Neal et al., 2015). Although HA has the potential 

to be ergogenic via a number of mechanisms (Corbett et al., 2014) it has been 

suggested that PV expansion is primary among these, due to its positive effect on 

cardiac output and V̇O2max (Lorenzo et al., 2010). However, more recent studies 

have shown no ergogenic effect of HA induced PV expansion (Karlsen et al., 

2015; Keiser et al., 2015), possibly due to a haemodilution effect sufficient to offset 

any increase in cardiac output (Coyle et al., 1990; Hopper et al., 1988; Kanstrup & 

Ekblom, 1982; Warburton et al., 1999). Currently, it is unclear if the addition of the 

erythropoietic stimulus of hypoxia is able to offset the haemodilution which occurs 

over the course of HA, or alternatively, whether the diuretic effect of hypoxia 

negates the normal PV expansion with HA. Although, Takeno et al. (2001) have 

shown 10-daily (60 min·day-1) exercise bouts in a hot (30°C, 50% RH) and 

hypobaric hypoxic (2,000 m) conditions expands PV and EV and increases 

V̇O2peak, these data are limited by the small sample (n=5) and possible training 

effect; similar adaptations were evident groups training in cooler conditions (20°C, 

50% RH) and at lower altitude (610 m). Likewise, Buchheit et al. (2013) reported 

PV expansion in both a hypoxic (14±1 h·day-1, normobaric FIO2 equivalent to 

2,500-3,000 m) and normoxic two-week HA programme (~27 h total heat 

exposure, ~32°C, 39% RH) but total haemoglobin mass (tHbmass) was increased in 

the hypoxic condition only. Temperate performance was improved following both 

regimens however, it was not linked to the haematological changes and the 

performance test used might exaggerate the true performance effects (Hopkins et 

al., 1999).   

Accordingly, it was hypothesised that: 

H1:  the addition of daily hypoxia would impair the time-course and magnitude of 

PV and cardiovascular adaptation. 

H2: adding hypoxic stress to HA programme would increase red cell volume.  
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H3: combined heat and hypoxic stress would improve parameters relating to 

endurance performance and endurance performance under temperate normoxic 

conditions. 
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 Method 6.2

6.2.1 Participants 

Sample size was calculated a priori using G*Power with effect size data derived 

from the average exercising Tre in the heat (η2=0.16) and other relevant 

parameters from the previous studies in this series. For repeated measures 

ANOVA (within-factors two-way) with sufficient power (β≥0.80) at an α level of 0.05 

(see Appendix for full calculation) a minimum of eight participants was required to 

achieve a balanced crossover design. To account for possible attrition due to the 

arduous nature of the study, 12 trained males (were recruited to the study, which 

was given favourable ethical opinion by the Science Faculty Ethics Committee at 

the University of Portsmouth (Appendix). All participants provided written informed 

consent.  

6.2.2 Experimental design 

A within-participant, balanced cross-over design was employed, with participants 

undertaking both control (heat acclimation [HAC]) and experimental (heat 

acclimation with hypoxic exposure [HAH]) HA programmes (target ambient 

conditions: 40°C; 50% RH). Each HA programme lasted 11-days and consisted of 

three bouts of exercise at a fixed external work rate (heat stress test [HST]), 

undertaken on day 1 (HSTpre), day 6 (HSTmid) and day 11 (HSTpost), interspersed 

with eight isothermal heat strain exercise-heat exposures (ISO). A temperate 

(target ambient conditions: 20°C; 55% RH) graded exercise test (GXT) and 30 

minute work done trial (T30) was performed before and after each HA programme; 

an additional T30 was undertaken +14-days after HA (Figure 6.1). This was 

included since possible haematological changes, such as increased red cell mass 

might take time to develop; delayed increases in Hbmass have been reported 

following combined heat and hypoxic exposures previously (Buchheit et al., 2013). 

HA programmes were identical apart from the addition of daily hypoxic exposure in 

HAH. A minimum three-month wash-out period was prescribed between HA 

programmes (Chapman et al., 2014) and all testing was completed outside of the 

UK summertime (see Figure 6.1).  
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Figure 6.1 Protocol diagram. A within-subject balanced crossover design including a three to 
seven month washout period was employed. HAC: Heat Acclimation Control; HAH: Heat 
Acclimation with Hypoxia; GXT= Graded Exercise Test (22°C, 50% RH); T30= 30 minute work 
done trial (22°C, 50% RH); tHbmass= resting measurement of total haemoglobin mass; HST= 
Heat Stress Test (40°C, 50% RH); ISO= Isothermal model of heat acclimation (40°C, 50% RH); 
↑ indicate nights where hypoxia was experienced in the HAH condition. 

6.2.3 Experimental procedures 

Heat Acclimation 

Each HA programme used the isothermal strain model of HA as described in 

Chapter section 5.2.3. The same fluid replacement strategy was employed as was 

used in the previous experimental chapters (7 × 0.25 L, 4% CHO, boluses every 

15 minutes during ISO sessions). Thereafter, participants were encouraged to 

drink ad libitum throughout the remainder of the day, to promote euhydration upon 

arrival on subsequent days. The two HA conditions are described below.  

Control- Heat Acclimation (HAC). 

In the HA condition participants carried out the HA programme described in 

section 5.2.3. 

ISO ISO ISO ISO ISO ISO ISO ISO HST HST HST GXT T30 Test: 

Day: -1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15-24 24 25 

GXT tHbm tHbm T30 OFF T30 tHbm 

-2 

HAC (n=6) 

HAH (n=6) HAC (n=6) 

HAH (n=6) 

3-7 months washout 1
st

 HA programme: 2
nd

 HA programme: 

Within each HA programme: 

Overnight normobaric hypoxic exposures (×10) in the HAH condition only 
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Intervention- Heat acclimation with altitude (HAH). 

Participants undertook the HA programme previously described (section 5.2.3), 

but simultaneously were exposed to nightly moderate normobaric hypoxia (10 

nights, target: 8-10 h exposure per night; target: FIO2 0.16) comparable to a 

simulated altitude of ~2,000 m, using ‘portable altitude tents’ (Hypoxico, New York, 

New York, USA) (Figure 6.2). This simulated altitude was chosen because popular 

training camps are held at altitudes of 1600-2500 m and these are often hot in the 

summer months (e.g. Boulder, CO, USA: 1995 m, 40°C). Furthermore, many 

endurance athletes use altitude tents overnight in addition to training when not 

living at altitude. Participants were familiarised with sleeping in the tents (without 

the generator reducing PO2) for several nights prior to commencing HAH to 

become accustomed to any changes in ambient noise and minimise sleep 

disturbances. Participants wore a physiological monitoring system (Equivital, 

Cambridge, UK) which recorded heart rate (EQO2 LifeMonitor, Equivital, 

Cambridge, UK) and oxygen saturation (Nonin iPod SpO2, Equivital, Cambridge, 

UK) (sampling every 15 seconds, and for two minutes every 10 minutes, 

respectively) throughout each of the 10-nights.  

Heat Stress Test  

HSTs were completed pre-, mid- and post-HA as described in section 5.2.3.  

Temperate GXT 

All GXTs were performed in a temperate environment (22°C, 50% RH) (pre- and 

post-HAC and HAH) on a Lode Excalibur cycle ergometer (Lode B.V. Groningen, 

the Netherlands) as described in section 5.2.3. 

Temperate T30 

30-minute maximal work trials (T30) were conducted to obtain an index of 

endurance performance. All trials were performed on a Lode Excalibur cycle 

ergometer (Lode B.V. Groningen, the Netherlands) in a temperate environment 



Chapter 6: Heat acclimation and hypoxia 

129 

 

(22°C, 50% RH). Participants exercised for five minutes at 100 W to warm up then 

began the 30 minute trial with ‘performance’ defined as the total work done within 

30 minutes (kJ). During the test participants did not receive any feedback except 

for the time elapsed. A fan provided some convective cooling (~3.5 m·s-1) to 

reduce the likelihood of having to end the test early due to reaching withdrawal 

criteria for Tre.  

General procedures and methods were as outlined previously in Chapter 3. 

Additionally, participants recorded the number of hours spent in the tent and the 

evening and morning FIO2 (independent reading taken with a calibrated VN202 

mkII oxygen analyser, Vandagraph Ltd, Keightly, UK) within the tent each night. 

Immediately before, after and +14-days following completion of HA programmes 

blood volume (CV=3.4%), PV (CV=4.4%), tHbmass (CV=4.2%), was assessed 

using the optimised carbon monoxide rebreathing technique (Schmidt & Prommer, 

2005) described in section 3.21. Venous blood samples were obtained from the 

antecubital vein following seated rest (15 minutes) for the measurement of [Hb] 

(201+ HemoCue, Sweden) and Hct (Hawksley, England), in triplicate. 

6.2.4 Data analyses 

The data analyses used in this study are outlined in section 3.25; specific 

statistical analyses are described below.  

 Statistical analyses 

Paired samples t-tests were used to examine participant characteristics upon 

commencing each condition and a one-way ANOVA was used to assess changes 

in the daily degree of hypoxic strain, as indicated by overnight oxy haemoglobin 

saturation during the HAH condition. Two-way Repeated measures ANOVAs were 

used to assess the changes between the two conditions (HAC and HAH) and over 

time and any time × condition interaction effects. Bonferroni adjusted post-hoc 

comparisons were used to identify the location of any significant differences. Non-

parametric tests (Friedman’s test for change over time and Wilcoxon signed ranks 

tests for condition effects at each time point) were used to assess RPE data 

reported in the HST. Correlations were assessed using Pearson’s r for parametric 
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data and Spearman’s rank comparisons for non-parametric data. Statistical 

significance was set a priori at P≤0.05 for all tests.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 Experimental setup: a sealed tent surrounded the participant’s mattress connected 
via tubing with a HEPA filter to a generator adjusting FIO2 (Hypoxico Inc., New York, New York, 
USA). Physiological monitoring systems were worn overnight for the measurement of heart rate 
and oxy-haemoglobin saturation. A separate oxygen monitor was used to record the oxygen 
concentration inside the tent.   

Oxygen 

monitor 

Physiological 

monitoring 

system 

Generator 

Filter 

Tent 
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 Results  6.3

6.3.1 Participant characteristics 

A total of 12 participants were recruited for this study, however, only eight 

completed both HAC and HAH conditions. The remaining four data sets were not 

included in the repeated measures analyses. Participants’ baseline characteristics 

are described in Table 6.1. 

Table 6.1 Participant characteristics. Mean(SD) data for participants (n=8) who completed the 
HAC and HAH programmes. 

Age (years) Height (m) Mass (kg) 
V̇O2max  

(L·min-1) 
PPO (W) 

25(6) 1.80(0.04) 74.2(6.2) 4.31(0.62) 348(53) 

6.3.2 Heat and hypoxic exposure 

Ambient conditions during ISOs were 39.6(0.3)°C, 53.3(4.1)% RH. Participants 

sustained a mean power of 105(16) W (not different between conditions, 

F(1,7)=0.071, P=0.797, η2=0.00) and achieved a Tre of 38.5°C in 31(11) minutes 

(not different between conditions F(1,7)=0.698, P=0.431, η2=0.02). The average Tre 

for the last 60 minute of each ISO was 38.52(0.17)°C. Power output increased 

over the eight ISO sessions but this did not differ between conditions. Whole-body 

sweat rate was increased over time (F(4.0,28.2)=18.038, P<0.001, η2=0.12) and also 

differed between conditions (F(1,7)=15.278, P=0.006, η2=0.01) although the location 

of differences could not be located post-hoc. Pre-exercise urine osmolality was 

higher in the HAH condition compared to the HAC condition (F(1,7)=11.142, 

P=0.012, η2=0.05) with significant differences between conditions on ISO6 only 

(P=0.024); urine osmolality did not change over the course of HA (F(7,49)=0.223, 

P=0.978, η2=0.01). An interaction effect was evident for pre-exercise mass 

(F(7,49)=3.316, P=0.006, η2=0.00) which increased over time in the HAC condition 

and decreased in the HAH condition, although post-hoc comparisons could not 

locate these differences (Table 6.2). 

The overnight hypoxia (FIO2 = 0.156(0.008)%) during HAH was sustained for  8(1) 

hrs on 10 consecutive nights and elicited an average SpO2 of 91(2)% (Table 6.3), 
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see Figure 6.3 for an example trace in which a significant reduction in SpO2 

occurred after 25 minutes. 

Figure 6.3 Example trace of reduced fingertip oxy-haemoglobin saturation (SpO2) during 
an overnight exposure to normobaric hypoxia (FIO2=0.156%). 
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Table 6.2 Mean (SD) daily exercise responses during medium-term heat acclimation with and without overnight hypoxia (HAH and HAC, respectively) 
(n=8). The alphabetical annotations denote significant differences in post-hoc comparisons for changes over time, i.e. significant change from ISO1 (for 
HAC and HAH combined), thus, 

a
 refers to a significant change between ISO1 and ISO2 while 

g
 refers to a significant change between ISO1 and ISO8 

and other comparisons lie between these in an alphabetical manner (P≤0.05, 
(x)

 represent a trend, P≤0.10). In the case of a condition effect 
f
 denotes a 

significant difference between conditions at ISO6.  

ISO: Isothermal strain session; HAC: Heat Acclimation Control condition; HAH: Heat Acclimation with Hypoxia condition; Tre: rectal temperature; fC: 
cardiac frequency.  
 

 

 

 ISO1 ISO2 ISO3 ISO4 ISO5 ISO6 ISO7 ISO8 P value 
HAC HAH HAC HAH HAC HAH HAC HAH HAC HAH HAC HAH HAC HAH HAC HAH Time Conditi

on 
Interactio

n 

Time to target Tre 
(minutes) 

27  
(6) 

30 
(15) 

35 
(24) 

33 
(14) 

30 
(12) 

34 
(12) 

28  
(6) 

32 
(10) 

28  
(7) 

33 
(11) 

31  
(9) 

27  
(7) 

31 
(10) 

32 
(12) 

31  
(8) 

30  
(8) 

0.556 0.431 0.806 

Average Tre  
(°C) 

38.65 
(0.14) 

38.60 
(0.23) 

38.49 
(0.36) 

28.49 
(0.21) 

38.52 
(0.15) 

38.48 
(0.16) 

38.55 
(0.10) 

38.46 
(0.10) 

38.55 
(0.09) 

38.47 
(0.16) 

38.53 
(0.14) 

38.51 
(0.12) 

38.55 
(0.13) 

38.47 
(0.12) 

38.48 
(0.09) 

38.45 
(0.24) 

0.204 0.057 0.802 

Average fc  
(b∙min

-1
) 

148 
(9) 

142 
(16) 

143 
(12) 

142 
(12) 

144 
(10) 

140 
(9) 

142 
(10) 

142 
(8) 

142 
(10) 

142 
(10) 

140 
(10) 

140 
(13) 

139 
(10) 

140 
(11) 

140 
(13) 

139 
(12) 

0.166 0.194 0.419 

Average power  
(W) 

97 
(18) 

97 
(29) 

99 
(20) 

101 
(13) 

108 
(18) 

108 
(14) 

111 
(22) 

114 
(15) 

100 
(17) 

110 
(11) 

106 
(12) 

106 
(15) 

107 
(11) 

103 
(13) 

111 
(16) 

107 
(11) 

0.073 
(c) 0.797 0.541 

Pre-exercise mass 
(kg) 

73.78
(6.51) 

74.99
(7.73) 

73.89
(6.69) 

74.87
(7.79) 

73.89
(6.65) 

74.85
(7.88) 

73.82
(6.51) 

74.83
(7.94) 

74.16
(6.82) 

74.58
(8.07) 

74.32
(6.82) 

74.68
(7.76) 

74.30
(7.00) 

74.42
(7.54) 

74.35
(6.80) 

74.46
(7.88) 

0.996 0.446 0.006 

Body water loss 
(L∙hr

-1
) 

1.24 
(0.27) 

1.28 
(0.43) 

1.24 
(0.34) 

1.38 
(0.26) 

1.33 
(0.32) 

1.34 
(0.29) 

1.34 
(0.33) 

1.40 
(0.26) 

1.44 
(0.36) 

1.51 
(0.34) 

1.49 
(0.37) 

1.58 
(0.41) 

1.50 
(0.40) 

1.62 
(0.39) 

1.56 
(0.38) 

1.66 
(0.34) 

0.000 
g 0.006 0.681 

Urine osmolality 
(mOsmo·kg

-1
) 

509 
(353) 

652 
(335) 

577 
(387) 

652 
(335) 

544 
(204) 

560 
(274) 

534 
(324) 

501 
(288) 

502 
(329) 

607 
(249) 

383 
(245) 

597 
(289) 

385 
(265) 

677 
(323) 

379 
(203) 

632 
(290) 

0.978 0.019 
f
 0.312 
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Table 6.3 Mean (SD) daily overnight responses to mild normobaric hypoxic exposure (15.6[0.9]%) (n=8). Independent one-way ANOVA were 
performed and P≤0.05.   

 HAH1 HAH2 HAH3 HAH4 HAH5 HAH6 HAH7 HAH8 HAH9 HAH10 P value 

Overnight oxygen 
saturation (%) 

91(1) 90(2) 90(2) 91(2) 91(2) 91(1) 92(2) 90(4) 91(1) 91(2) 0.395 

Overnight fc  
(b∙min

-1
) 

65(17) 57(10) 61(9) 57(9) 54(6) 55(7) 54(5) 54(5) 57(10) 52(8) 0.263 

Hours hypoxic 
exposure (h) 

8.0(1.0) 7.8(1.2) 7.4(1.2) 7.9(1.5) 7.8(1.0) 8.3(1.5) 8.4(1.4) 8.0(0.5) 8.2(0.6) 8.2(0.8) 0.871 

HAH: Heat Acclimation with Hypoxia condition; fc: cardiac frequency 
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6.3.3 Heat acclimation 

Ambient conditions did not differ between the HSTs (39.4(0.5)°C, 50.5(1.6)% RH) 

and metabolic heat production (8.1(0.8) W·kg-1) did not differ throughout HSTs 

(main effect of time: F(2,14)=0.465, P=0.637, η2=0.01) or between conditions 

(F(1,7)=3.426, P=0.107, η2=0.06).  

Both HA protocols successfully induced HA, with a number of thermophysiological 

adaptations evident at HSTmid and some further adaptations developing by HSTpost 

(Table 6.4 and Figure 6.4). However, the addition of nightly hypoxic exposure to 

the regimen did not affect HA; no significant interaction effects were reported for 

parameters measured in the HST (Table 6.4). Although end exercise fc recorded in 

each HST was significantly greater in the HAH condition than then HAC condition 

(main effect for condition: F(1,7)=13.656, P=0.008, η2=0.06), Bonferroni corrected 

post-hoc t-tests comparing conditions at each time point could not locate specific 

differences. No other condition effects were evident.  

With respect to the haematological parameters, tHbmass was unchanged over time 

(F(2,10)=2.275, P=0.153, η2=0.03) and condition (F(1,5)=0.852, P=0.398, η2=0.01) 

and there were no interaction effects (F(2,10)=0.263, P=0.774, η2=0.01) (Table 6.5). 

On the other hand, PV (F(2,10)=8.974, P=0.006, η2=0.10) and BV (F(2,10)=8.678, 

P=0.007, η2=0.10) changed over time; post-hoc comparisons identified a 

significant decrease from post to retention time points. PV and BV were also 

unchanged between conditions and there were no interaction effects (Table 6.5). 

When the retention test was removed from the statistical analyses, both PV 

(+5.9(7.3)%, F(1,7)=10.981, P=0.013, η2=0.07) and BV (+3.5(5.9)%, F(1,7)=10.083, 

P=0.016, η2=0.05) were expanded at post-HA but there were no condition or 

interaction effects (Table 6.4). 
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Table 6.4 Progression of adaptive response to exercise in hot conditions following HA with and without additional hypoxia. Mean (SD) (Median [range] for non-parametric 
RPE data) physiological responses during HST in hot conditions, before (Pre-HA), mid-way (Mid-HA) and immediately after (Post-HA) a heat acclimation programme with 
(HAH) and without (HAC) mild overnight normobaric hypoxia. Data refer to average during exercise period, unless otherwise stated. Data are repeated measures so where 
a value is missing, due to technical error, the number of participants has been reduced and this is displayed in initial column. Table continues overleaf.  

HA time-point: Pre-HA Mid-HA Post-HA P value 
Condition: HAC HAH HAC HAH HAC HAH Time Condition Interaction 

Thermal          
Resting Tre (°C)  37.35(0.31) 37.30(0.37) 37.14(0.39) 36.99(0.31) 37.00(0.36) 36.96(0.30) 0.002 

(a)b
 0.225 0.769 

Exercise Tre (°C) 38.01(0.23) 37.92(0.30) 37.80(0.39) 37.64(0.33) 37.59(0.47) 37.62(0.21) 0.000 
ab 

0.127 0.484 
End exercise Tre (°C) 38.70(0.42) 38.66(0.38) 38.39(0.42) 38.36(0.25) 38.15(0.59) 38.35(0.20) 0.000

 ab 
0.641 0.538 

Resting T̅sk (°C)
 n=6

 36.51(0.50) 36.71(0.41) 36.47(0.46) 36.41(0.39) 36.35(0.40) 36.57(0.18) 0.198 0.464 0.164 
Exercise T̅sk (°C)  37.93(0.51) 37.80(0.49) 37.81(0.33) 37.57(0.46) 37.52(0.33) 37.48(0.43) 0.000 

abc 
0.416 0.298 

End exercise T̅sk (°C) 38.27(0.64) 38.16(0.71) 37.87(0.64) 37.73(0.56) 37.53(0.55) 37.63(0.60) 0.001 
ab 

0.704 0.297 
Resting T̅b (°C) 

n=6
 37.35(0.25) 37.26(0.33) 37.01(0.30) 36.92(0.27) 36.92(0.36) 37.04(0.16) 0.002 

ab 
0.710 0.339 

Exercise T̅b (°C) 38.03(0.20) 37.92(0.32) 37.80(0.36) 37.63(0.33) 37.60(0.42) 37.63(0.25) 0.000 
ab 

0.105 0.364 
End exercise T̅b (°C) 38.74(0.33) 38.60(0.40) 38.34(0.43) 38.28(0.29) 38.06(0.56) 38.27(0.22) 0.006 

ab 
0.938 0.322 

Thermoregulatory          
Metabolic heat production 
(W·kg

-1
) 

8.1(0.7) 8.3(0.9) 7.7(0.8) 8.3(0.8) 7.9(1.0) 8.2(0.6) 0.637 0.107 0.243 

Body water loss (L∙hr
-1

)  1.42(0.34) 1.53(0.31) 1.70(0.43) 1.75(0.31) 1.76(0.43) 1.88(0.52) 0.010 
(a)(b) 

0.364 0.822 
Upper-back sweat rate (L·m

2
·h

-

1
) 

0.50(0.26) 0.54(0.15) 0.51(0.17) 0.52(0.14) 0.56(0.20) 0.63(0.06) 0.079 
c 

0.557 0.819 

Sweat sodium  (mmol·L
-1

) 89(40) 95(26) 73(38) 78(32) 71(33) 65(23) 0.000 
ab 

0.927 0.352 
Skin blood flow (AU) 249(59) 279(97) 302(75) 268(89) 295(75) 251(65) 0.286 0.677 0.310 
Resting  fc (b∙min

-1
)  84(14) 85(18) 74(10) 76(13) 71(9) 76(14) 0.001 

ab 
0.132 0.599 

Exercise  fc (b∙min
-1

) 143(13) 147(16) 133(10) 136(9) 127(4) 129(12) 0.000 
abc 

0.119 0.910 
End exercise fc (b∙min

-1
) 155(14) 161(20) 140(14) 147(10) 127(4) 139(16) 0.000 

abc 
0.008

 
0.452 

Exercise PSI 4.8(0.9) 4.6(0.7) 4.2(0.6) 3.8(0.4) 3.5(0.9) 3.8(0.5) 0.004 
b 

0.529 0.281 
End exercise PSI 7.1(0.9) 7.0(1.3) 5.7(1.1) 5.9(0.7) 5.0(1.4) 5.7(1.0) 0.000 

ab 
0.188 0.489 

PV (mL·kg
-1

) 45.2(5.0) 44.4(4.1) - - 47.4(5.7) 47.4(5.8) 0.013 
b 

0.733 0.728 
BV (mL·kg

-1
) 81.1(5.7) 80.1(5.5) - - 83.0(7.0) 83.9(7.6) 0.016 

b
 0.966 0.510 

Δ Plasma osmolality (Pre-Post-
exercise) (mOsmo·kg

-1
)  

-4(8) -1(7) -3(6) 0(4) -1(7) 0(4) 0.823 0.194 0.792 
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HA time-point: Pre-HA Mid-HA Post-HA P value 
Condition: HAC HAH HAC HAH HAC HAH Time Condition Interaction 

BV (CO rebreathing) (mL·kg
-1

) 81.1(5.7) 80.1(5.5) - - 83.0(7.0) 83.9(7.6) 0.016 
b
 0.966 0.510 

Metabolic          
V̇O2 (L∙min

-1
) 2.09(0.22) 2.18(0.33) 2.01(0.24) 2.19(0.32) 2.06(0.26) 2.13(0.26) 0.390 0.064 

 
0.182 

RER 0.88(0.04) 0.89(0.04) 0.90(0.03) 0.89(0.05) 0.90(0.02) 0.89(0.04) 0.489 0.634 0.742 
Perceptual          

RPE 12[6] 12[9] 10[5] 11[7] 11[5] 11[5] >0.05 >0.05 - 
Thermal comfort (cm) 8.8(4.5) 8.4(5.4) 10.2(4.2) 9.9(4.4) 11.0(4.2) 10.2(4.9) 0.027 

(b) 
0.390 0.824 

Thermal sensation (cm) 15.7(1.2) 16.2(1.7) 15.0(1.0) 15.8(1.3) 15.1(1.0) 15.3(1.7) 0.106 0.189 0.647 

Post-hoc pairwise comparisons were performed following a significant main effect for HA Time; significant changes are denoted by: 
a
 Pre-HA to Mid-HA; 

b
 Pre-HA to 

Post-HA; 
c
 Mid-HA to Post-HA; 

d
 denotes a significant difference between conditions in the Pre-HA test; 

e
 condition effect at Mid-HA and 

f
 condition effect at Post-HA. 

Alpha level is set at 0.05 and trends (P≤0.10) are shown with brackets e.g. 
(a)

. Non-parametric tests (Friedman ANOVAs for change over time and Wilcoxon signed 
ranks tests for condition effects at each time point) were performed on RPE data.  
Tre: rectal temperature; T̅sk: mean skin temperature; T̅b: mean body temperature; fc: cardiac frequency; PSI: Physiological Strain Index; ∆PV: change in plasma volume; 
∆BV: change in blood volume; V̇O2: volume of oxygen uptake; RER: Respiratory Exchange Ratio; RPE: Rating of Perceived Exertion.  
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Table 6.5 Mean (SD) blood volumes calculated using the optimised CO rebreathing technique pre-, post- and retention-HA for both HAC and HAH conditions. Post-hoc 
pairwise comparisons were performed following a significant main effect for time,

 a
 represents a significant change from pre – retention-HA and 

b
 represents a 

significant change from post – retention-HA (P≤0.05, n=6). 

 
Pre Post Retention P value 

HAC HAH HAC HAH HAC HAH Time Condition Interaction 

tHbmass  

(g·kg
-1

)
 
 

11.7(0.6) 11.9(0.8) 11.6(0.7) 12.1(1.0) 11.4(0.8) 11.7(0.8) 0.153 0.398 0.774 

Plasma volume 
(mL·kg

-1
)  

44.9(4.3) 44.9(4.5) 48.0(6.5) 47.8(6.5) 43.8(6.6) 43.4(6.0) 0.006 
b
 0.889 0.955 

Blood volume 
(mL·kg

-1
)  

80.6(5.6) 81.3(5.5) 83.4(8.2) 85.0(7.9) 78.8(8.0) 79.1(7.3) 0.007 
b
 0.731 0.887 

HAC: heat acclimation control condition; HAH; heat acclimation with hypoxia condition; tHbmass: total haemoglobin mass. 
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Figure 6.4 Mean(SD) responses to exercise in the heat at baseline (Pre) and following short- (Mid) and longer-term (Post) 
heat acclimation, with (HAH, filled circles) and without (HAC, grey circles) overnight normobaric hypoxia, for: A: End exercise 
rectal temperature; B: end exercise mean skin temperature; C: end exercise cardiac frequency; D: whole-body sweat rate.  
* refers to a significant (P<0.05) overall time effect; 

a
 refers to a change from Pre-Mid, 

b
 from Pre-Post and 

c
 from Mid-Post. 
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6.3.4 Temperate exercise performance following HA 

 Graded exercise test 

No interaction (time × condition) effects were reported for the parameters 

measured (V̇O2max, PPO, LT, GME, fcmax) in the temperate GXT completed 

immediately before and after each HA programme, although a condition effect was 

detected for PPO (F(1,7)=9.632, P=0.017, η2=0.05), post-hoc analysis indicated that 

this was partly due to a higher baseline PPO in the HAH condition than the HAC 

condition (P=0.048) as well as following HA (P=0.021). PPO and lactate threshold 

(F(1,7)=11.700, P=0.011, η2=0.02) were improved over time (+12(20) W and 

+15(18) W, respectively) and fcmax was reduced (-5(5) b·min-1, F(1,7)=37.84, 

P=0.001, η2=0.17) following the medium-term HA but GME remained unchanged 

with time or condition (Figure 6.5). Results for V̇O2max showed different effects 

depending on whether oxygen uptake was in relative or absolute terms; relative 

V̇O2max was unchanged with time (F(1,7)=0.913, P=0.371, η2=0.01) or condition 

(F(1,7)=4.641, P=0.068, η2=0.02). On the other hand, a main effect for condition 

was reported for absolute V̇O2max (F(1,7)=6.735, P=0.036, η2=0.04); post-hoc tests 

indicated a trend (P=0.094) for a higher V̇O2max at baseline in the HAH condition 

than the HAC condition, but there was not main effect over time (F(1,7)=0.808, 

P=0.399, η2=0.01).  
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Figure 6.5 Mean (SD) data from the graded exercise test (GXT) in a temperate environment 
(22°C, 50% RH) before and after HAH (grey lines) and HAC (black lines) (n=8) for the 
measurement of, A: Lactate threshold; B: gross mechanical efficiency (GME); C: maximal 
oxygen uptake (V̇O2max); D: peak power output (PPO). * denotes a change over time; 

+
 denotes 

a condition effect, P≤0.05).      
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30 minute work done trial (T30) 

Environmental conditions for the T30 were matched between conditions and over 

time: 22.1(0.2)°C, 52.5(3.0)% RH). Two participants in the HAH condition did not 

complete the retention trial therefore n=6 in the 3 (time) × 2 (condition) repeated 

measures ANOVA. Work done was not different between conditions (F(1,5)=3.341, 

P=0.127, η2=0.02) and there was no interaction effect (F(2,10)=0.505, P=0.618, 

η2=0.00) but it was changed over time (F(2,10)=5.283, P=0.028, η2=0.00), although 

post-hoc comparisons could not locate these differences. When comparing T30pre 

and T30post in both conditions (i.e. a 2 × 2 repeated measures ANOVA, n=8) work 

done was improved by +12(20) kJ (F(1,7)=5.939, P=0.045, η2=0.01) immediately 

following HA. The changes were not significantly different between conditions 

(F(1,7)=4.102, P=0.082, η2=0.03) and there was no interaction effect F(1,7)=0.036, 

P=0.854, η2=0.00). Compared to baseline performance, +14-days following HA 

(T30pre vs T30retention) there were no difference in work done in either condition; any 

performance improvements gained immediately following HAC or HAH were 

negated after two-weeks without heat or hypoxic stress.  
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 Discussion 6.4

This study was the first examine the influence of overnight normobaric hypoxic 

exposure on short and medium-term HA, and to examine the ergogenic potential 

of adaptation to heat and hypoxia on exercise performance in a temperate, 

normoxic environment. Importantly, the thermal and cardiovascular strain and 

external work rate was well-matched between the HAC and HAH conditions. 

Moreover, oxy-haemoglobin saturation was significantly reduced by the overnight 

normobaric hypoxia in the HAH group; reduced oxygen saturation has previously 

been assumed in combined stressor studies (Buchheit et al., 2015; Takeno et al., 

2001). The degree of thermal strain experienced by the participants was sufficient 

to exceed the adaptation threshold (Taylor, 2014) with some HA induced following 

short (totalling seven hours over five-days) and a more pronounced heat 

acclimated phenotype evident following medium-term (totalling 14 hours over ten-

days). However, the addition of 80(8) hours normobaric hypoxia, equivalent to a 

simulated altitude of ~ 2,300 m, to the isothermal HA programme did not alter the 

rate or magnitude of the development of HA, as indicated by key 

thermophysiological and haematological indices. Furthermore, although the lactate 

threshold, PPO and temperate exercise performance (work done in 30 minutes) 

were improved following the medium-term HA, the addition of normobaric hypoxia 

to the HA programme did not affect these changes and other physiological 

determinants of performance were unaltered.  Therefore, none of the experimental 

hypotheses can be accepted.   

A key focus of the present study was the haematological responses to the 

combination of thermal and hypoxic stressors. Typically, PV is reduced following 

hypoxic exposure, primarily through greater diuresis and insensible fluid losses 

(Asmussen & Consolazio, 1941; Krzywicki et al., 1969; Sawka et al., 2000; Surks 

et al., 1966), whereas HA is associated with an increase in PV (Barcroft et al., 

1923; Dreosti, 1935; Patterson et al., 2004b; Senay et al., 1976) mainly through 

the effect of aldosterone on sodium reabsorption. The present study demonstrated 

an overall expansion in PV (+5.9(7.3)%) and BV (+3.5(5.9)%) with HA, which was 

unaffected by the addition of normobaric hypoxia to the HA programme. Thus, it 

appears that exercise-heat stimulus predominated over the typically observed 
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effect of hypoxia on plasma and blood volume, with the consequence that the HA 

response was not notably affected by the addition of hypoxia; although end-

exercise fc during the HSTs was slightly higher overall in HAH than HAC, this was 

not significant at any individual time point, there was no interaction effect, and the 

resting and session average fc was the same between-conditions. The expansion 

is associated with the reduction in fc (Senay et al., 1976) and two-weeks following 

the programmes, PV and BV had returned to baseline, in line with the typical 

cardiovascular decay following HA (Fox et al., 1960; Pandolf et al., 1977; Rogers, 

1977). Previous studies examining adaptation to combined heat-hypoxic exposure, 

albeit using varying protocols, have also reported changes to blood volumes. 

Takeno et al. (2001) demonstrated 6% PV and 5% BV expansion in five 

moderately-fit men exposed to 10-days (1 h·day-1) exercise (~140 b·min-1) heat 

(30°C, 50%RH) and hypobaric hypoxic (2,000 m altitude) stress. Similarly, 

Buchheit et al. (2013) reported 6% PV and 4% BV changes in 17 elite Australian 

rules Footballers (men) undertaking a 14-day warm-weather training camp (10 

sessions in 32°C, 39% RH, plus 15 h incidental heat exposure) with nightly 

normobaric hypoxia (FIO2 0.143-0.152) as well as some (7 sessions totalling 4.3 h, 

FIO2 0.146) temperate hypoxic training sessions (hypoxic exposure totalled 14(1) 

h·day-1). McCleave et al. (2016) measured blood volumes using the optimised CO 

rebreathing technique in their multicentre study, which may have been more 

susceptible to error (with three different people performing the test and test-retests 

not necessarily completed by the same individual) following a longer bout of 

hypoxia (21-days 14 h·day-1, FiO2 = 14.4%). They reported a PV expansion of 

3.8(6.0)% following heat only exposure which was possibly greater than the 

change following combined heat-hypoxic exposure (appears unchanged in the 

figures). The PV expansion in the hot group remained likely elevated one week 

following exposure but had returned to baseline at three weeks post.    

The CO rebreathing technique that we employed for measuring PV and BV also 

enabled us to also determine tHbmass, which was not altered over time (i.e. pre-

post) and was unaffected by the addition of normobaric hypoxia to the HA 

programme. This in contrast to Buchheit et al. (2013) who  demonstrated an 

average 3% increase in tHbmass after their 14-day exercise-heat and hypoxia 
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intervention; this effect was absent in individuals who did not receive the hypoxic 

stimulus. The reason for the discrepancy between our studies likely relates to 

differences in the hypoxic ‘dose’; the participants in Buchheit et al. (2013) received 

over double the duration of hypoxic exposure to the current study (170+ hours), at 

a slightly lower O2 fraction; it has previously been suggested that the erythropoietic 

effect is proportional to the size of the altitude stimulus (Ge et al., 2001; Chapman 

et al., 2014) and that tHbmass increased by >4% per 100 h hypoxic (2500-3000 m) 

exposure in trained endurance athletes (Brugniaux et al., 2006). Although, 

McCleave et al. (2016) reported a smaller (3.8[1.8]%) increase in tHbmass than this 

model following combined heat (33°C, 60% RH, total 13.5 h) and hypoxic (FiO2 = 

14.4%) exposure of a longer duration (total 291 h). This was maintained 

(+3.3[1.9]%) three weeks post exposure which was greater than the typical error of 

the measurement however all changes were not different from the changes in the 

hot or cool control groups. Because Takeno et al. (2001) employed the Evans-

Blue dye technique they were unable to measure tHbmass, although they did report 

a 1.9(0.4) mL·kg-1 increase in EV following their exercise-heat and hypoxic 

intervention, but caution is warranted given that this is not equitable to tHbmass, 

whilst a small sample size is particularly problematic for this technique (Gore et al., 

2005).  

Typical thermophysiological indices of HA, such as reduced Tre, T̅sk, T̅b, fc and 

sweat [Na+] and augmented sweat rate, were rapidly induced and were unaffected 

by the addition of hypoxia. Although a large proportion of the adaptive response 

were gained within five-days, which might better suit many athletes (Chalmers et 

al., 2014), a recent meta-analysis focusing on HA (Tyler et al. 2016) concluded 

that longer-term HA is more effective than short-term HA (<7-days). Indeed the 

present study demonstrated additional (perceptual changes) and further (reduced 

fc and Tsk) adaptations evident after 10-day HA, relative to the five-day HA. This 

study and the previous studies in this thesis suggest that four-days ISO plus one 

fixed intensity session in the heat provide sufficient stimulus for sudomotor 

adaptation although in the literature this adaptation is often described to occur 

later and completes the adaptation profile (Tyler et al., 2016), but the majority of 
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the reviewed studies have used sub-optimal programmes of HA with a diminishing 

adaptation stimulus over the course of the HA regimen (Taylor, 2014).  

The observation that adding 80(8) hours of normobaric hypoxia did not affect the 

rate or magnitude of HA and overall is largely consistent with the findings of 

Buchheit et al. (2013) who provided some evidence that HA was induced but was 

unaffected by normobaric hypoxia (14 day warm-weather training camp with 15.2-

0.143 FIO2 during training and sleeping [170 h total]). This was evidenced by 

reduced fc (-10%, comparable to the present study -11%) and sweat [Na+] (-29% 

compared with -26% in the current study) during a short HST in a group of elite 

Australian Rules Football players after a 14-day HA regimen, although this study 

included no measures of body temperature. The similarities in the magnitude of 

adaptation among the few common variables between Buchheit et al. (2013) and 

the present study suggest the present study was more efficient at inducing HA, 

given that the total heat exposure in the present study was 14 hours (over 10 

days) compared to  26.5 hours (over 14-days) in Buchheit et al. (2013). This 

difference probably stems from the isothermal strain technique employed in the 

present study, whilst due to the nature of exercise undertaken, the session thermal 

strain was likely lower in Buchheit et al (2013); a Tc of 38.5°C appears optimal for 

inducing HA (Fox et al., 1963: Gibson et al., 2015). Takeno et al. (2001) more 

comprehensively monitored thermal adaptation during their combined heat and 

hypoxia regimen; oesophageal temperature and exercising fc were reduced 

following their 10-day heat and hypoxia programme, but T̅sk and sweat loss were 

unchanged and similar adaptation were evident in a control group and a training 

effect on HA cannot be discounted (Baum et al., 1976; Holmgren et al., 1960; 

Kampmann et al., 2008; Shvartz et al., 1974). 

The results in the present study demonstrated an overall ergogenic effect of HA; 

temperate work done was improved (+4%) following HA as was GXT PPO (+4%). 

However, the current findings do not suggest that HA combined with hypoxia 

improves temperate endurance performance to a greater extent than HA alone, 

and ergogenic benefits were not sustained two-weeks following completion of the 

programmes. Physiological determinants of performance were also assessed in a 

temperate environment following both HA programmes and the improved lactate 
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threshold offers a plausible mechanism for the improved performance although  

the LT does not directly influence performance per se, but rather is typically used 

as a surrogate of sustainable percentage of V̇O2max (Joyner, 1991). Lorenzo et al., 

2010) also demonstrated an increased power at lactate threshold following HA, 

with possible mechanisms including through reduced carbohydrate metabolism 

(Young et al., 1985) increased strength (Kodesh & Horowitz et al., 2010) or simply 

dilution from PV expansion. Indeed, an expansion of PV has previously been 

associated with an increase in stroke volume (Hopper et al., 1988) and V̇O2max 

(Coyle et al., 1990), but his was not evident in the present study, possibly due to a 

negative effect of the haemodilution on O2 delivery (Coyle et al., 1990; Hopper et 

al., 1988; Kanstrup & Ekblom, 1982; Warburton et al., 1999). Moreover, it should 

be considered that for some weight bearing sports, there is also potential for a 

mass penalty affecting performance associated with expanded blood volumes.  

Combined repeated heat and hypoxic exposure has previously been shown to be 

ergogenic (Buchheit et al., 2013; Crowcroft et al., 2015), but an additive effect of 

these combined stimuli has not been described. For instance, Buchheit et al. 

(2013) reported a large improvement in performance following HA (+44% Yo-

YoIR2 performance) with, and without, additional hypoxic exposure in elite 

athletes. Similarly, Crowcroft et al. (2015) reported a 35 s improvement in 20 km 

cycle time trial performance after three-weeks of interval training in hypoxic-hot or 

temperate control conditions each followed by a three-week temperate taper, but 

they did not report the time trial results for the heat and hypoxic or temperate 

conditions separately. Finally, although Takeno et al. (2001) did not measure 

performance per se they reported an increased temperate V̇O2peak, although this 

was not improved to a greater extent following combined heat and hypoxic 

stressors than either stressor alone or a cooler control programme, over 10-day of 

exposure, indicating a training effect.  

On a practical level, popular endurance training camps are frequently held at 

altitudes of 1600-2500 m and, coincidently, these are often hot in the summer 

months (e.g. Boulder, CO, USA: 1,995 m, 40°C). Thus, the level of hypoxia (~0.16 

FIO2) experienced at these elevations was considered in this research in order to 

answer an ecologically valid question and aid the decision for training camp 
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location; it appears that the efficacy of a warm weather training camp might be 

unaffected by this level of hypoxic exposure. However, some caution is warranted. 

Although the duration of hypoxic stress was extended by using overnight exposure 

rather than in-session exposure, as others have done (Buchheit et al., 2013; 

Takeno et al., 2001), this stimulus is less than would be encountered with an 

altitude sojourn and there is some evidence for a difference between hypobaric 

hypoxia and equivalent normobaric hypoxia (Coppel et al., 2015) Nevertheless, 

this strategy reduces disruption to training and the likelihood of altitude sickness 

and is also relevant to elite athletes utilising hypoxic tents. The ergogenic effect of 

HA suggests HA may be useful for those competing in a less thermally stressful 

environments. Although an ergogenic effect of heat alone has been examined 

previously (Karlsen et al., 2015; Keiser et al., 2015; Lorenzo et al., 2010; Neal et 

al., 2015) its’ efficacy is contentious (Corbett et al., 2014; Cotter & Minson, 2016; 

Nybo & Lundby, 2016) and studies might be subject to a placebo or training effect 

of any programme. The present study is unable to discount the possibility that the 

exercise element of the programmes incurred a training effect in these sub-elite 

athletes since a cool exercise control with matched work was not included. This 

should be addressed in future studies with an additional group exercising in an 

environment with minimal thermal burden (Galloway & Maughan, 1997).   

In summary, this study demonstrated that hypoxia did not affect the time-course or 

magnitude of thermophysiological or haematological adaptations to heat and that 

temperate endurance performance was improved following longer-term HA, but 

this was unaffected by the addition of a hypoxic stimuli.  

Following the evidence for an ergogenic effect of HA in the previous studies in this 

thesis, it was decided that the separate influences of ambient heat and exercise 

should be isolated, and compared using a HA programme and a matched exercise 

programme without heat exposure.  
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7 STUDY FOUR: THE ERGOGENIC EFFECT OF HEAT 

ACCLIMATION 

 Introduction 7.1

It is well documented that hot ambient conditions impair endurance performance 

(Guy et al., 2015). The mechanisms are likely multifaceted, but appear to be 

primarily mediated by increased temperature of the central (Nybo, 2010; Périard et 

al., 2014) and peripheral (Périard et al., 2014) nervous system and augmented 

cardiovascular strain, which is required to maintain blood pressure when there is 

competition for blood flow between the working muscles and the heat loss 

requirements of the skin (Rowell, 1974). However, HA has been repeatedly shown 

to either partially (Sawka et al., 1985; Nielsen et al., 1997; Tyler et al., 2016), or 

completely (Racinais et al., 2015) alleviate the performance decrement in a hot 

environment.  

The thermo-physiological adaptations contributing to improved performance in the 

heat include improved defence of body temperature, characterised by augmented 

sweating (Hovarth & Shelley, 1946; Marcus, 1972; Taylor, 2014; Sawka et al., 

2011), a more favourable core-to-skin temperature gradient (Wyndham, 1951) and 

reduced Tc (Lind & Bass, 1962; Nielsen et al., 1993; Robinson et al., 1943; Senay 

et al., 1976; Shvartz et al., 1977; Weller et al., 2007; Wyndham, 1952; Wyndham 

et al., 1976). In addition there is evidence for an increased V̇O2max (Lorenzo et al., 

2010; Sawka et al., 1985; Shvartz et al., 1977; Takeno et al., 2001;), lactate 

threshold (Lorenzo et al., 2010) and economy (Sawka et al., 1983; Shvartz et al., 

1977) during exercise in the heat, which together are key determinants of 

endurance performance (Joyner & Coyle, 2008).  

Although the impairment in endurance performance under high ambient 

temperatures is well accepted, there is evidence to suggest that even in a 

relatively cool environment a thermal burden may exist that is sufficient to impair 

prolonged exercise performance (Ely et al., 2007; Galloway & Maughan, 1997). 

This may be particularly relevant for trained athletes who are capable of working at 
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high work rates with large metabolic heat productions which are difficult to 

dissipate quickly and may lead to them exceeding their prescriptive zone (Lind, 

1963), even under relatively temperate environmental conditions (Ely, 2009). 

Indeed, the optimal temperature for endurance performance has been suggested 

to be ~10°C (Ely et al., 2007; Galloway & Maughan, 1997). Although this will be 

influenced by other parameters influencing heat exchange, including the mode of 

exercise and climatic factors such as wind, humidity and radiation (Parsons, 

2014). Accordingly it has been suggested that the improved thermoregulatory 

capability induced by HA might attenuate this thermal decrement in a manner 

similar to that seen when exposed to hotter temperatures (Corbett et al., 2014). 

Moreover, it has been suggested that other, non-thermal, adaptive responses 

could have ergogenic potential (Corbett et al., 2014). For example, PV expansion 

and a Frank-Starling effect on stroke volume may increase maximal cardiac output 

(Lorenzo et al., 2010) whereas increased red cell volume (Scoon et al., 2007), 

improved myocardial efficiency (Horowitz et al., 1993) and increased end-diastolic 

volume through increased ventricular compliance (Horowitz et al., 1986) all have 

the potential to improve oxygen transport kinetics. Further mechanisms for the 

ergogenic potential of HA might include improved arterial blood perfusion (Chen et 

al., 2013; Liang & Chen, 2016), improved economy (Horowitz et al., 1986), 

increased strength (Goto et al., 2011; Kodesh & Horowitz et al., 2010) and 

improved lactate kinetics and removal (Lorenzo et al., 2010). If HA is documented 

to be ergogenic, then it would be useful to ascertain the time course of any 

benefits to enable this type of training to be used in the run up to competition.  

Nevertheless, the ergogenic potential of heat is contentious (Minson & Cotter, 

2016; Nybo & Lundby, 2016). Much of the initial evidence suggests adaptation to 

heat over a 7-21 day period confers ergogenic benefits under cooler conditions 

(Hue et al., 2007; Lorenzo et al., 2010; Racinais et al., 2014; Sawka et al., 1985; 

Scoon et al., 2007). However, many of these studies should be considered 

carefully since, as highlighted by Corbett et al. (2014), several have used sub-

optimal HA regimens (Morrison et al., 2002; Scoon et al., 2007), used unsuitable 

participants or are without a control group so a training effect cannot be 

discounted (Buchheit et al., 2011; Buchheit et al., 2013; Hue et al., 2007; Racinais 
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et al., 2013; Sawka et al., 1985), or use exercise models where the “true” 

performance effect is unclear (Buchheit et al., 2011; Buchheit et al., 2013; 

Racinais et al., 2013; Sawka et al., 1985;). Furthermore, many studies have failed 

to document evidence of HA, such as reduced Tc, in order to account for 

mechanisms involved with any performance effects (Buchheit et al., 2011; 

Buchheit et al., 2013; Galloway & Maughan, 1997; Racinais et al., 2013) and often 

correlations between markers for HA and ergogenic effects are weak or non-

existent (Racinais et al., 2013).  

The strongest support for the ergogenic potential of heat is from Lorenzo et al. 

(2010) who reported increased work done in a 60 minute cycling trial (+6%) and 

improved maximum oxygen uptake (+5%) under cool (13°C, 30% RH) conditions 

in endurance trained men (mean[SD] V̇O2max 66.8[2.1] mL·kg·-1min-1) following 10-

days of fixed intensity exercise (90 min·day-1, 50% V̇O2max) in a hot-dry 

environment (40°C, 30% RH). The improved cool performance effects were 

attributed to expanded PV (6.5% at rest) and augmented cardiac output, by the 

Frank-Starling mechanism which was sufficient to offset any haemodilution thus 

increasing V̇O2max by 5% in the cool environment. Power output at lactate 

threshold was also improved, possibly due to increased splanchnic circulation 

aiding lactate removal (Rowell et al., 1968) or altered lactate kinetics through 

reduced metabolic rate (Sawka et al., 1983) and glycogen sparing (Febbraio et al., 

1994), although a simple haemodilution effect on lactate as a consequence of the 

expanded plasma volume is also possible.  

However, some recent studies have failed to demonstrate an ergogenic effect of 

HA. For instance, Keiser et al. (2015) performed a 10-day HA programme (90 

min·day-1) and included a crossover cool control condition (18°C). They were 

unable to demonstrate improvements in V̇O2max or TT performance (mean power 

output) in cooler conditions (18°C), although performance was improved by 10% in 

the heat (38°C). Interestingly, the degree of PV expansion was similar to Lorenzo 

et al. (2010), whilst numerically the improvement in V̇O2max was also similar, but 

not statistically significant. Likewise, Karlsen et al. (2015) reported a large PV 

expansion following two weeks of both HA (~35°C, ~14 h·wk-1) and a cool (<15°C, 

~14 h·wk-1) control training programme consisting of their normal training (+15% 
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and +12%, respectively). Although, there was no change in V̇O2max, power output 

or TT performance in cool conditions following HA, but performance in the heat 

(40.3 km outdoor cycle TT, 36°C) was improved following HA. Indeed, it has been 

suggested that PV expansion is ineffective when participants are already 

hypervolemic and possess a cardiovascular system adapted to several years of 

training (Nybo & Lundby, 2015). Moreover, the benefit of PV expansion can be 

countered by a haemodilution effect (Coyle et al., 1990; Hopper et al., 1988; 

Warburton et al., 1999) which negates improvements in V̇O2max (Kanstrup & 

Ekblom, 1982). Although, interestingly there is some evidence to suggest that HA 

might also increase red cell mass (Sawka, 1985; Scoon et al., 2007; Takeno et al., 

2001) and tHbmass (Karlsen et al., 2015). 

The reason for the discrepant findings between Lorenzo et al. (2010) and Keiser et 

al. (2015) and Karlsen et al. (2015) is not entirely clear, although numerically the 

data are similar and a lack of statistical power has been suggested (Lorenzo, 

2016); future studies should employ larger numbers of participants. Alternatively, 

important differences may arise from the different techniques used for prescribing 

work rate. For instance, in Lorenzo et al. (2010) the relative exercise intensity was 

higher during HA than in the control condition, meaning that a training effect 

cannot be excluded. In contrast, Keiser et al. (2015) matched cardiovascular strain 

between HA and control conditions (heart rate at 50% of V̇O2max in 38°C and 18°C 

conditions, respectively) whereas Karlsen et al. (2015) continued their usual 

training in the heat, effectively replacing the training volume rather than adding to 

it. Indeed, an appropriate control group, matched for exercise and without 

exposure to heat, is necessary in order to isolate the effect of repeated heat 

exposure on temperate exercise performance (i.e. see beyond a training effect). 

The optimum parameter for matching exercise programmes in hot and cooler 

conditions is contentious (e.g. Lorenzo et al., 2010; Keiser et al., 2015), although 

heart rate, absolute work rate or percent V̇O2max are often used as the matched 

variable, the rating of perceived exertion RPE (Borg, 1982) is generated as a 

result of multiple afferent signals including heart rate, metabolic and ventilatory 

parameters and appears to be the key mediator that athletes use to regulate 

exercise intensity (Tucker, 2009; Tucker & Noakes, 2009). RPE has been used in 
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two previous studies investigating the ergogenic effect of heat; Morrison et al. 

(2002) allowed participants to self-select their cycle training for five-days in the 

heat (37°C, 50% RH) where RPE was reported and they then completed another 

programme (just two weeks later), at the same perceived exertion but in a 

temperate environment (20°C 50% RH). Although, Tre was only 0.1°C different on 

average between the two conditions and this HA regimen likely didn’t provide an 

optimal stimulus for adaptation since average Tre was 38.1°C. Recently, Chalmers 

et al. (2016) have examined a cost-effective short-term HA programme by 

prescribing exercise in the heat using RPE and made a comparison with another 

group of trained men performing the same perceived exertion for the same 

duration but in a cooler environment (19°C, 30% RH). However, Tc was not 

measured during the HA sessions and no form of HST was included so it is 

unclear whether this technique induced any adaptation, regardless of whether 

matching between groups was suitable and able to inform the hypothesis. Another 

recent study, from Phillip et al. (2016), demonstrated a reduced heart rate and an 

expansion of PV following five × 50 minutes exercise sessions at a matched 

cardiovascular strain (70% heart rate reserve) in the heat (35°C, 56% RH); 

although, this was not greater than the changes measured in a matched cool 

(15°C, 81 % RH) control group. They also reported an improvement in intermittent 

running performance in a cool environment (17°C, 58% RH) three-days, but not 

immediately after the intervention, however it is likely this was a training effect 

since the changes also occurred in the following the cool control programme in this 

group of semi-professional male Australian Rules Football players. Although, the 

reduced mechanical work required for the same cardiovascular strain in the heat 

could be useful for reducing training load, for example, in recovery or rehabilitation 

phases of training.   

Accordingly, this study aimed to determine whether repeated heat exposure 

enhanced endurance performance under temperate conditions in endurance 

trained athletes compared to an exertion matched cool control exercise 

programme, and to provide insight into the mechanisms underpinning any 

performance enhancements.  
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It was hypothesised that:  

H1: HA would improve thermoregulation compared to an exertion matched cool 

control group. 

H2: HA would improve temperate exercise performance in comparison to an 

exertion matched cool control group. 

H3: Improvements in temperate performance would be related to improvement in 

thermoregulation and/or improvement in key determinants of endurance (e.g. 

V̇O2max, lactate threshold and GME).   
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 Methods 7.2

7.2.1 Participants 

A total of 24 trained (performance level 3, De Pauw et al., 2013) men provided 

written informed consent and participated in this study which was given favourable 

ethical opinion by the Science Faculty Ethics Committee at the University of 

Portsmouth (Appendix D). This sample size is larger than all of the previous 

studies which have examined the ergogenic effects of HA, including those 

detecting a statistically significant effect (Buchheit et al., 2011; Buchheit et al., 

2013; Hue et al., 2007; Karlsen et al., 2015; Keiser et al., 2015; Lorenzo et al., 

2010; Morrison et al., 2002; Racinais et al., 2013; Sawka et al., 1985; Scoon et al., 

2007).  

7.2.2 Experimental design 

A between-subjects design was employed with participants split into two groups to 

examine the effect of heat on temperate exercise performance and exclude the 

possibility of a training effect. The experimental group (n=16) completed a 

medium-term (11-day) HA programme (HA) (target ambient conditions of 40°C, 

50% RH). These data were collated from the HA only conditions reported in the 

two previous experimental studies. A separate control group (CON, n=8) 

completed matched exercise (for rating of perceived exertion) for the same 

duration in a cool environment (target ambient conditions of 11°C, 60% RH). All 

participants completed a cycling heat stress test (HST: ambient conditions of 

40°C, 50% RH) preceding (day one, Pre), and immediately following (day 11, 

Post) each programme (Figure 7.1). On the other days, participants in the 

experimental group undertook isothermal heat strain sessions with an additional 

HST (Mid) on day six. Whereas, those in the control group undertook exercise in a 

cool environment, at a matched RPE, to limit the heat exposure likely to induce 

adaptive responses while allowing the extent of adaptation to exercise in the heat 

to be assessed following endurance training in the HSTpost. All participants 

completed graded cycling exercise tests (GXT) and 16 participants (eight from 

each group) undertook additional 30 minute work done trials (T30) on separate 

days in a temperate environment (target ambient conditions: 22°C, 50% RH) 24-72 
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h before and after HA or CON. An additional temperate T30 was completed +14-

days after completion of the programmes to assess the maintenance of any 

performance effects achieved. All testing was completed in UK winter months 

(October-March).     

 

 

 

 

 

 

 

7.2.3 Experimental procedures 

Exercise programme  

Heat acclimation (HA) 

The HA group completed the isothermal strain model of HA as described in 

section 5.2.3 (without additional dehydration or hypoxic stress) totalling 11-

consecutive days exercise-heat exposure and consisting of three HSTs (Pre-, Mid-

and Post-HA) and eight isothermal heat strain (ISO) sessions (target Tre of 38.5-

38.7°C). Participants were provided with a total of 1.75 L of fluid replacement and 

some convective cooling (2-3 m·s-1) during each ISO session, as described in 

section 5.2.3.  

Control group programme (CON) 

The CON group completed a total of nine consecutive days exercise (90 min∙day-1) 

in a cool environment (target ambient conditions of 11°C, 60% RH); it has been 

suggested that this temperature provides a minimal additional thermal burden from 

the environment during exercise (Ely et al., 2007). This was preceded and 

ISO ISO ISO ISO ISO ISO ISO ISO HST HST HST GXT T30 
Test  

(HA): 

Day: -1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15-24 24 25 

GXT tHbm tHbm T30 OFF T30 tHbm 

-2 

CON CON CON CON CON CON CON CON HST CON HST GXT T30 GXT tHbm tHbm T30 OFF T30 tHbm 
Test  

(CON): 

Figure 7.1 Protocol. Participants completed a heat acclimation (HA) programme or a cool 
control (CON) programme of moderate intensity exercise. Pre and post these programmes 
physiological responses were assessed in the heat and a temperate environment. GXT= 
graded exercise test (22°C, 50% RH); T30= 30 minute work done trial (22°C, 50% RH); 
tHbmass= resting measurement of total haemoglobin mass; HST: heat stress test (40°C, 50% 
RH); ISO: isothermal strain model of heat acclimation (40°C, 50% RH); CON: matched 
exercise in a cool environment (11°C, 50% RH). 
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followed by HSTs (Pre- and Post-HA). Exercise intensity during the cool exercise 

sessions was prescribed to match that of the HA group in terms of the mean 

reported RPE (Borg, 1982), which was recorded every five minutes during each 90 

minute ISO session and at 15 minute intervals during HSTmid. This method was 

selected since this parameter appears to be used by athletes to regulate exercise 

intensity and has good ecological validity and practical relevance for athletes 

attempting to undertake the same training in a hot or cold environment.  

Participants exercised on a calibrated (Davison et al., 2009) CompuTrainer cycle 

ergometer (RacerMate Inc., Seattle, WA, USA) and were familiarised with the RPE 

scale and instructed to adjust their work rate to achieve the desired RPE at the 

appropriate time point. Participants were blinded to all feedback including power 

output and heart rate and were able to adjust the resistance provided by the cycle 

ergometer. During cycling, cooling was facilitated by a fan (2-3 m∙s-1) (anemometer 

thermometer, Meterman TMA10, Amprobe, Everett, WA, USA) in front of the 

participant. Participants consumed a total of 0.84 L of 3.6% carbohydrate-

electrolyte fluid (Science In Sport, Nelson, UK) divided into seven equal boluses 

(0.12 L) consumed immediately prior to commencing exercise and every 15 

minute thereafter to replace fluid losses during each 90 minute. This volume was 

determined from pilot work and was reduced from that of the HA group to account 

for the reduced sweat rate in a cooler environment. Participants were encouraged 

to drink ad libitum throughout the remainder of the day, to promote euhydration 

upon arrival on subsequent days.  

Heat Stress Test  

The HA group completed HSTs pre-, mid- and post-HA as described in section 

5.2.3 while the CON group completed the same tests but only at pre- and post-

CON. In the CON group, HSTmid was replaced by an additional CON session 

lasting 60 minutes, rather than 90 minutes, which matched the RPE reported by 

the HA group during HSTmid.  
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Temperate GXT 

All GXTs were performed (pre- and post-HA and CON) on a Lode Excalibur cycle 

ergometer (Lode B.V. Groningen, the Netherlands) as described in section 5.2.3. 

Temperate T30 

A temperate performance test was included in this study for 16 of the 26 

participants (8 HA, 8 CON). All T30 trials (pre-, post- and retention- HA and CON) 

were performed on a Lode Excalibur cycle ergometer (Lode B.V. Groningen, the 

Netherlands) as described in section 5.2.3. 

General procedures and methods were followed as outlined in Chapter 3. 

Immediately before and after HSTpre and HSTpost venous blood samples were 

obtained from the antecubital vein following seated rest (15 minutes) for the 

measurement of [Hb] (201+ HemoCue, Sweden) and Hct (Hawksley, England), in 

triplicate, for use in calculating the change in PV. Immediately before and after the 

HA programmes and +14-days, blood volumes and tHbmass were assessed using 

the optimised carbon monoxide rebreathing technique (Schmidt and Prommer, 

2005) described in section 3.21.  

7.2.4 Data analyses 

The data were analysed as outlined in section 3.25. Specific statistical tests for 

this study design are described below.    

 Statistical analyses 

A mixed model ANOVA was used to assess the effect of HA on temperate 

exercise performance. The ANOVA included two factors: time and condition. 

Physiological responses were assessed at several time points over each 

programme and each participant completed all time points i.e. pre and post for 

HST, GXT and T30. Time was a within-subject factor which could be analysed 

using repeated measures techniques; condition was treated as a between-

subjects factor in the analysis. Importantly, interaction effects were calculated in all 

ANOVAs to assess the effect of condition over time. Bonferroni adjusted post-hoc 
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comparisons were made to locate differences where a significant interaction effect 

occurred. During the two programmes dependent variables were recorded daily 

(days 2-10); a 9 × 2 (day × condition) mixed model ANOVA was used to describe 

any changes in thermal or physiological strain over the course of, or between, the 

HA and CON programmes. Independent samples t-tests were used to assess the 

differences in between-group characteristics. Analysis of the non-parametric data 

(RPE) used the Wilcoxon sign ranked test the assess the effect of time (repeated 

measures- two related samples) on RPE, and the Mann Whitney U test for the 

effect of condition on RPE (two independent samples); it was not possible to 

assess for an interaction effect on two-way ranked data. Statistical significance 

was set a priori at P≤0.05.   
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 Results 7.3

7.3.1 Participant characteristics 

The HA and CON group did not differ in terms of age (t(22)=0.604, P=0.552), height 

(t(22)=0.368, P=0.717), body mass (t(22)=-0.693, P=0.496), V̇O2max (t(22)= 0.690, 

P=0.497) or PPO (t(22)=0.199, P=0.844) (Table 7.1). 

Table 7.1 Mean(SD) participant characteristics for participants who completed the HA 
programme (n=16) and participants who completed the CON programme (n=8). 

Group 
Age 

(years) 
Height (m) Mass (kg) 

V̇O2max  

(L·min-1) 
PPO (W) 

HA 23(5) 1.81(0.05) 74.5(6.5) 4.26(0.45) 344(43) 
CON 22(3) 1.80(0.03) 77.0(11.5) 4.14(0.31) 340(36) 

HA vs CON exposure 

Ambient temperatures were significantly different between HA (39.4(0.4)°C, 

55.2(4.5)% RH) and CON (10.2(0.6)°C, 66.5(3.0)% RH) during the ISO/CON 

sessions (Tdb: F(1,24)=46331, P<0.001). During the ISO sessions participants were 

significantly hotter than those completing the CON sessions (Figure 7.2): average 

Tre for the final 60 minutes was 38.07(0.31)°C in the CON group and 

38.55(0.16)°C in the HA group (F(1,20)=29.243, P<0.001, η2=0.47). RPE was 

successfully matched between the ISO and CON sessions (F(1,20)=0.062, P=0.806, 

η2=0.00) (Figure 7.2) although the large difference in environmental conditions and 

different external work rate (F(1,20)=11.232, P=0.003, η2=0.32) induced a lower fc 

(F(1,20)=5.353, P=0.031, η2=0.17) in the CON group than the HA group (Figure 7.2). 

Power output increased over the course of the daily exercise sessions 

(F(6.3,126.1)=3.303, P=0.004, η2=0.02), but post-hoc analyses could not locate on 

which day power increased significantly (verses day one only). Independent 

samples t-tests confirmed power output significantly differed between conditions 

on each day (except day 6: HSTmid vs CON5) and there was a trend for a time × 

condition interaction effect which showed that the increase in power output was 

greater in the HA than the CON group (F(7,140)=1.907, P=0.073, η2=0.04) (Table 

7.2). Whole body sweat rate was augmented over time (F(3.9,77.2)=16.304, P<0.001, 

η2=0.03) and post-hoc comparisons identify a greater sweat rate on Day 10 

(P=0.017) than the first day of hot/cool exposure. A main effect for condition was 
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also present (F(1,20)=39.306, P<0.001, η2=0.61) and sweating was significantly 

different between the groups on all days, furthermore, sweating was augmented in 

the HA group but not CON (interaction effect: F(8,160)=7.289, P<0.001, η2=0.01). 

Urine osmolality and pre-exercise mass were both maintained over time 

(F(8,160)=1.216, P=0.293, η2=0.03 and F(5.4,108.5)=1.621, P=0.155, η2=0.00, 

respectively) and were the same between groups (F(1,20)=0.146, P=0.706, η2=0.01 

and F(1,20)=0.402, P=0.533, η2=0.02, respectively).  
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Figure 7.2 Mean (SD) responses to hot ISO sessions (black, n=16) or cool CON sessions 
(grey, n=8) over 90 minutes on nine days. A: circles represent RPE, matched between groups, 
and squares represent Tre. B: circles represent power output and squares represent fc. * 
denotes a significant difference between conditions, P≤0.05.  

 

 

* * * * * * * * * 
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Table 7.2 Mean (SD) (median [range] for non-parametric RPE data) daily exercise responses during medium-term heat acclimation (HA, n=16) or cool 
control endurance training (CON, n=8) (P≤0.05). The alphabetical annotations denote significant differences in post-hoc comparisons for changes over 
time, i.e. significant change from day 2 (for HA and CON combined), thus, 

a
 refers to a significant change between day 2 and day 3 while 

h
 refers to a 

significant change between day 2 and day 10 and other comparisons lie between these in an alphabetical manner (P≤0.05). Where a significant main 
effect of condition is reported, post-hoc comparisons revealed that these occurred at every time point, except Day 6 for power output. 

Day: 
Condition: 
 

2 3 4 5 6 7 8 9 10 P value 

HA CON HA CON HA CON HA CON HA 
(HST) 

CON HA CON HA CON HA CON HA CON Time Condition Interaction 

Time to target 
Tre (minutes) 
(HA) 

30 
(6) 

- 
33 

(17) 
- 

31 
(10) 

- 
29 
(6) 

- - - 
32 
(8) 

- 
34 
(9) 

- 
36 

(15) 
- 

32 
(10) 

- 0.482 - - 

Average Tre 
(final 60 
minutes) (°C) 

38.64 
(0.15) 

38.05 
(0.49) 

38.54 
(0.26) 

38.04 
(0.36) 

38.52 
(0.13) 

38.02 
(0.38) 

38.54 
(0.09) 

38.12 
(0.24) 

- - 
38.59 
(0.11) 

38.02 
(0.30) 

38.52 
(0.14) 

38.08 
(0.40) 

38.50 
(0.18) 

38.04 
(0.42) 

38.53 
(0.14) 

38.19 
(0.27) 

0.488 0.000 0.242 

Average fc  
(b∙min

-1
) 

144 
(10) 

131 
(9) 

140 
(8) 

128 
(13) 

138 
(9) 

130 
(10) 

136 
(8) 

129 
(6) 

135 
(12) 

132 
(11) 

138 
(9) 

126 
(11) 

135 
(8) 

127 
(15) 

138 
(12) 

127 
(13) 

138 
(11) 

127 
(16) 

0.162 0.031 0.405 

Average 
power  
(W) 

88 
(19) 

144 
(33) 

100 
(20) 

131 
(39) 

98 
(21) 

132 
(33) 

102 
(21) 

143 
(34) 

123 
(15) 

126 
(27) 

99 
(21) 

134 
(30) 

102 
(21) 

146 
(38) 

108 
(21) 

144 
(37) 

110 
(23) 

148 
(40) 

0.004 0.003 0.000 

Pre-exercise 
mass (kg) 

74.4 
(6.4) 

77.1 
(12.6) 

74.7 
(6.4) 

77.6 
(12.5) 

74.8 
(6.5) 

77.7 
(12.9) 

74.8 
(6.5) 

77.3 
(12.8) 

74.9 
(6.7) 

77.5 
(12.7) 

75.0 
(6.6) 

77.4 
(12.8) 

74.9 
(6.6) 

77.3 
(12.5) 

74.9 
(6.4) 

77.1 
(12.7) 

75.0 
(6.4) 

77.4 
(12.3) 

0.155 0.533 0.609 

Body water 
loss (L∙hr

-1
) 

1.19 
(0.33) 

0.49 
(0.25) 

1.23 
(0.30) 

0.54 
(0.37) 

1.27 
(0.30) 

0.40 
(0.25) 

1.34 
(0.33) 

0.40 
(0.24) 

1.74 
(0.50) 

0.65 
(0.17) 

1.40 
(0.33) 

0.39 
(0.23) 

1.42 
(0.32) 

0.40 
(0.25) 

1.48 
(0.37) 

0.42 
(0.25) 

1.51 
(0.34) 

0.48 
(0.25) 

0.000
dh

 0.000 0.000 

Urine 
osmolality 
(mOsmo·kg

-1
) 

423 
(286) 

317 
(224) 

424 
(323) 

367 
(282) 

411 
(189) 

305 
(275) 

436 
(253) 

404 
(272) 

378 
(262) 

458 
(376) 

376 
(232) 

437 
(389) 

355 
(223) 

414 
(327) 

360 
(201) 

278 
(303) 

308 
(177) 

207 
(93) 

0.293 0.706 0.730 

Mean RPE  
12[7] 

11[1] 12[6] 12[1] 11[7] 11[1] 12[6] 12[1] 12[5] 12[1] 12[5] 12[1] 12[5] 12[1] 12[5] 12[1] 12[6] 12[0] 0.137 0.836 0.754 

Tre: rectal temperature; fc: cardiac frequency; RPE: Rating of Perceived Exertion; HA: Heat Acclimation group; CON: Control group; HST: Heat Stress 
Test 
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7.3.2 Heat acclimation alterations 

HA adaptations were assessed before and after HA and CON during fixed 

intensity exercise in the heat (HST), the results are shown in (Table 7.3). Ambient 

conditions during the HST were the same in both groups (F(1,22)=0.172, P=0.682) 

and over time (F(1,22)=0.564, P=0.460) (39.4[0.4]°C, 49.8[2.6]% RH) and metabolic 

heat production was the same across time and group (7.1[1.1] W·kg-1).  

Significant adaptations were evident after 10-days (Table 7.3), including: reduced 

resting (Tre main effect for time: F(1,22)=11.504, P=0.003, η2=0.08) and exercising 

(F(1,22)=15.312, P=0.001, η2=0.11) thermal strain; reduced cardiovascular strain 

during rest (fc: F(1,22)=21.022, P<0.001, η2=0.19) and exercise (F(1,22)=38.281, 

P<0.001, η2=0.22); reduced PSI (F(1,22)=18.024, P<0.001, η2=0.17); augmented 

sweating (F(1,22)=6.949, P=0.015, η2=0.03), improved perceptual indices (TS: 

F(1,22)=6.343, P=0.020, η2=0.06 and TC: F(1,22)=14.391, P=0.001, η2=0.04), and; 

expanded BV (F(1,22)=64.189, P<0.001, η2=0.56) and PV (F(1,22)=32.892, P<0.001, 

η2=0.42). Importantly, a large effect of heat on these adaptations was evident, with 

greater changes following HA than CON evidenced by interaction effects for all of 

the above parameters, except blood and plasma volume, plus additional 

parameters such as sweat [Na+] (F(1,22)=5.713, P=0.026, η2=0.05) (Table 7.3). 

There were no overall condition effects during the HST, except for resting fc 

(F(1,22)=7.352, P=0.013, η2=0.14) and end exercise fc (F(1,22)=4.369, P=0.048) 

which was higher in the CON condition than the HA condition.  

tHbmass assessed pre and post and showed no change over either the duration of 

the HA or CON programmes (F(2,24)=2.213, P=0.131, η2=0.02) or between them 

(F(1,12)=0.002, P=0.967, η2=0.01) (Table 7.5). The CO rebreathing technique was 

also used to determine PV and BV. Data report no change in PV (F(1,14)=2.340, 

P=0.148, η2=0.01) or BV (F(1,14)=0.433, P=0.521, η2=0.00) following HA/CON, but 

no significant effects of condition (PV: F(1,14)=1.370, P=0.261, η2=0.08; BV: 

F(1,14)=0.624, P=0.443, η2=0.04) or time × condition (PV: F(1,14)=0.796, P=0.387, 

η2=0.00; BV: F(1,14)=0.756, P=0.399, η2=0.00). Using the Dill & Costill (1974) 

technique, both ∆PV (F(1,22)=32.982, P<0.001, η2=0.42) and ∆BV (F(1,22)=64.189, 

P<0.001, η2=0.56) were expanded at rest during pre to post HA/CON but there 
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were no condition (PV: F(1,22)=0.939, P=0.343, η2=0.01; BV: F(1,22)=3.183, P=0.088, 

η2=0.03) or interaction (PV: F(1,22)=0.939, P=0.343, η2=0.01; BV: F(1,22)=3.183, 

P=0.088, η2=0.03) effects. Additional data for the HA group, from resting blood 

samples taken before exercise mid-way through the programme, showed that 

blood volumes were significantly increased following short-term HA (∆PV: 

+7.7(8.1)%, P=0.005, ∆BV: +4.2(4.9)%, P=0.011) and were maintained, but not 

further increased, after medium-term HA (∆PV: +10.1(7.2)%, P<0.001; ∆BV: 

+6.3(2.8)%, P<0.001).  
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Table 7.3 Mean (SD) (Median [range] for non-parametric RPE data) physiological responses during HST in hot conditions, before (Pre) and 
immediately after (Post) a heat acclimation programme (HA) or cool control programme (CON). Data refer to average during exercise period of HST, 
unless otherwise stated. Data are repeated measures over time and between groups, therefore n=24 (α≤0.05).   

HA time-point: Pre Post P value 
Condition: HA CON HA CON Time Condition Interaction 

Thermal        
Resting Tre (°C)  37.22(0.28) 37.19(0.40) 36.88(0.38) 37.12(0.37) 0.003 0.466 0.045 
Exercise Tre (°C) 38.01(0.29) 37.82(0.49) 37.58(0.29) 37.76(0.39) 0.001 0.949 0.009 
End exercise Tre (°C) 38.83(0.42) 38.48(0.66) 38.21(0.39) 38.35(0.57) 0.000 0.578 0.013 
Resting T̅sk (°C) 36.62(0.45) 36.40(0.46) 36.25(0.40) 36.57(0.35) 0.135 0.788 0.000 
Exercise T̅sk (°C)  37.95(0.50) 37.57(0.64) 37.38(0.43) 37.64(0.36) 0.005 0.753 0.000 
End exercise T̅sk (°C) 38.36(0.68) 37.73(0.90) 37.38(0.63) 37.69(0.65) 0.000 0.575 0.000 
Resting T̅b (°C)  37.19(0.27) 37.11(0.40) 36.82(0.37) 37.06(0.35) 0.001 0.555 0.008 
Exercise T̅b (°C) 38.02(0.29) 37.80(0.48) 37.57(0.28) 37.74(0.37) 0.000 0.869 0.003 
End exercise T̅b (°C) 38.76(0.44) 38.40(0.65) 38.11(0.38) 38.28(0.57) 0.000 0.628 0.004 

Thermoregulatory        
Body water loss (L∙hr

-1
)  1.45(0.35) 1.61(0.38) 1.82(0.53) 1.58(0.39) 0.015 0.817 0.004 

Upper-back sweat rate (L·m
2
·h

-1
) 0.47(0.15) 0.62(0.21) 0.58(0.22) 0.65(0.21) 0.041 0.173 0.252 

Sweat sodium  (mmol·L
-1
) 102(34) 79(24) 85(43) 92(34) 0.759 0.580 0.026 

Skin blood flow (AU) 261(76) 332(149) 295(73) 329(189) 0.503 0.242 0.426 
Resting  fc (b∙min

-1
)  84(11) 92(9) 74(10) 88(9) 0.000 0.013 0.030 

Exercise  fc (b∙min
-1
) 148(15) 150(11) 128(8) 144(9) 0.000 0.060 0.003 

End exercise fc (b∙min
-1
) 162(16) 166(13) 136(10) 152(11) 0.000 0.048 0.055 

Exercise PSI 4.9(0.9) 4.6(1.2) 3.7(0.8) 4.0(0.9) 0.000 1.000 0.154 
End exercise PSI 7.3(1.5) 6.8(1.7) 5.3(1.2) 5.7(1.4) 0.000 0.895 0.140 
Δ PV (Dill & Costill) (%)  - - 10.1(7.2) 7.2(6.3) 0.000 0.343 0.343 
PV (CO rebreathing) (mL·kg

-1
) 46.5(4.8) 44.1(6.5) 48.4(5.6) 44.6(5.4) 0.148 0.261 0.387 

Δ PV (CO rebreathing) (%) - - 4.2(7.3) 1.6(5.7) 0.103 0.445 0.445 
Δ BV (Dill & Costill) (%) - - 6.3(2.8) 4.0(3.4) 0.000 0.088 0.088 
BV (CO rebreathing) (mL·kg

-1
) 82.6(6.1) 80.7(9.2) 84.2(7.2) 80.5(6.8) 0.521 0.443 0.399 

Δ BV (CO rebreathing) (%) - - 1.9(4.6) 0.1(5.0) 0.424 0.489 0.489 
Δ Plasma osmolality (Pre-Post-
exercise) (mOsmo·kg

-1
)  

-4(7) 1(8) -3(6) -3(5) 0.445 0.247 0.173 

Metabolic        
 Metabolic heat production (W·kg

-1
) 7.9(1.4) 7.9(0.8) 7.6(1.1) 7.4(0.9) 0.096 0.771 0.793 

V̇O2 (L∙min
-1
) 2.11(0.22) 2.09(0.21) 2.00(0.26) 2.01(0.20) 0.010 0.950 0.806 

RER 0.91(0.06) 0.90(0.06) 0.94(0.05) 0.90(0.04) 0.257 0.227 0.160 
Cardiac output  (L∙min

-1
) 19.32(2.91) 19.46(1.70) 18.95(2.95) 18.53(1.19) 0.024 0.898 0.312 

Perceptual        
RPE 13[8] 12[6] 12[6] 11[6] 0.026 HA P=0.025; CON P=0.297 
Thermal comfort (cm) 7.4(4.3) 10.2(4.8) 10.0(3.9) 9.3(4.5) 0.072 0.580 0.001 
Thermal sensation (cm) 16.2(1.5) 15.9(0.7) 14.9(1.6) 16.1(0.8) 0.088 0.449 0.020 

Mixed model ANOVA used for all parametric tests. The only non-parametric data for RPE used the Wilcoxon sign ranked test to assess the overall 
effect of Time (repeated measures- two related samples) on RPE and changes within each condition. Tre: rectal temperature; T̅sk: mean skin 
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temperature; T̅b: mean body temperature; fc: cardiac frequency; PSI: Physiological Strain Index; PV: plasma volume; BV: blood volume; CO: 
carbon monoxide; V̇O2: volume of oxygen uptake; RER: Respiratory Exchange Ratio; RPE: Rating of Perceived Exertion; HA: Heat Acclimation 
group; CON: Control group.  
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7.3.3 Temperate exercise following HA 

Thermal and physiological adaptations following medium-term HA and a control 

exercise programme were also examined at rest and during fixed intensity sub-

maximal exercise in a temperate environment (Table 7.4) (22.0[0.3]°C, 52.3[4.6]% 

RH), which was the same over time (F(1,24)=0.385, P=0.541), between conditions 

(F(1,24)=1.467, P=0.238) and there was no interaction effect (F(1,24)=0.529, 

P=0.474). When considering whether the addition of heat to a moderate intensity 

endurance exercise programme affects the thermophysiological  responses to a 

temperate environment, the data suggest that O2 pulse was improved to a greater 

extent following HA than CON (interaction effect: F(1,22)=13.111, P=0.002, 

η2=0.05). Conversely, oxygen uptake during sub-maximal exercise was reduced to 

a greater extent following CON than after HA (interaction effect: F(1,22)=12.395, 

P=0.002, η2=0.04). There were no main effects for condition with the exception of 

fC which was higher in the CON group than the HA group (e.g. exercising fc: 

F(1,22)=5.437, P=0.029, η2=0.13). For several parameters there was a main effect 

for time following the 11-day programmes included a reduction in Tre at rest 

(F(1,22)=12.802, P=0.002, η2=0.10) and exercise (F(1,22)=17.117, P=<0.001, 

η2=0.15), reduced exercising T̅b (F(1,21)=15.012, P=0.001, η2=0.01), fC 

(F(1,22)=12.550, P=0.002, η2=0.07) and sub-maximal V̇O2 (F(1,22)=5.893, P=0.024, 

η2=0.03).  
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Table 7.4. Mean (SD) (n=24) physiological responses during the initial (20 minutes fixed intensity exercise) part of the GXT in temperate conditions 
(22.0(0.3)°C, 52.3(4.6)% RH), before and after medium-term hot (HA) or cool (CON) programmes. Data refer to average during exercise period, unless 
otherwise stated (P≤0.05). 

Temperate conditions (GXT) 
Pre Post P value 

HA CON HA CON Time Condition Interaction 

Thermal        
Resting Tre (°C)  37.36(0.24) 37.31(0.29) 37.15(0.25) 37.14(0.21) 0.002 0.739 0.722 
Exercise Tre (°C)  37.46(0.26) 37.47(0.39) 37.26(0.23) 37.24(0.15) 0.000 0.979 0.766 
End exercise Tre (°C) 37.62(0.29) 37.62(0.39) 37.46(0.23) 37.44(0.17) 0.004 0.953 0.851 
Resting T̅sk (°C 31.91(0.68) 31.66(0.65) 32.10(0.62) 31.82(0.60) 0.248 0.288 0.925 
Exercise T̅sk (°C) 30.04(0.40) 30.02(0.72) 30.07(0.79) 29.76(0.69) 0.498 0.471 0.421 
End exercise T̅sk (°C) 29.99(0.45) 29.73(0.72) 29.83(0.65) 29.71(0.91) 0.603 0.435 0.676 
Resting T̅b (°C)  36.83(0.22) 36.74(0.24) 36.65(0.28) 36.61(0.20) 0.003 0.497 0.646 
Exercise T̅b (°C)  36.72(0.24) 36.73(0.40) 36.54(0.24) 36.49(0.13) 0.001 0.860 0.609 
End exercise T̅b (°C) 36.87(0.25) 36.83(0.37) 36.71(0.22) 36.67(0.14) 0.003 0.702 0.981 

Thermoregulatory        
Upper-back sweat rate 
(L·m

2
·h

-1
) 

0.15(0.07) 0.19(0.07) 0.15(0.10) 0.12(0.04) 0.150 0.770 0.098 

Skin blood flow (AU)  68(30) 51(22) 67(28) 61(18) 0.490 0.238 0.385 
Resting fc (b∙min

-1
) 77(14) 86(15) 66(13) 80(8) 0.001 0.036 0.172 

Exercise fc (b∙min
-1

)  116(13) 124(14) 107(8) 120(9) 0.002 0.029 0.193 
End exercise fc (b∙min

-1
) 121(15) 130(14) 111(10) 124(10) 0.000 0.044 0.315 

Metabolic        
V̇O2 (L∙min

-1
) 1.90(0.21) 2.00(0.12) 1.93(0.18) 1.85(0.08) 0.024 0.904 0.002 

O2 pulse (mL·beat
-1

) 16.8(2.8) 16.3(2.0) 18.3(2.2) 15.6(1.0) 0.226 0.095 0.002 

Tre: rectal temperature; T̅sk: mean skin temperature; T̅b: mean body temperature; fc: cardiac frequency; V̇O2: volume of oxygen uptake; O2 pulse: 
oxygen pulse; HA: Heat Acclimation group; CON: Control group.  
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7.3.4 Temperate exercise performance following HA 

Graded exercise test 

Data from the incremental portion of the temperate GXT indicate that PPO 

(F(1,22)=15.699, P=0.001, η2=0.03) and lactate threshold (F(1,22)=7.138, P=0.014, 

η2=0.01) were increased following the 11-day programmes, irrespective of 

condition, while there was evidence for an interaction effect for V̇O2max 

(F(1,22)=4.975, P=0.036, η2=0.03) (Figure 7.3). The change in V̇O2max did not 

correlate with the change in PV (HA: r(16)=0.328, P=0.215; CON: r(8)=-0.220, 

P=0.601) and pre-post post-hoc tests could not identify a significant change within 

each group (HA: P=0.100; CON: P=0.162). The change in V̇O2max also did not 

correlate with any of the changes in thermophysiological parameters during sub-

maximal temperate exercise (although there was a trend for V̇̇O2max to be 

correlated with sub-maximal V̇̇O2: r(24)=0.381, P=0.066). There was a time effect 

on maximal fC (F(1,22)=14.811, P=0.001, η2=0.03) which tended to be greater in the 

HA group (-7(4) b·min-1) than the CON group (-1(6) b·min-1) (interaction effect: 

F(1,22)=8.616, P=0.008, η2=0.02). GME (mean from GME calculated at work rates 

below lactate threshold: 110, 135, 160, 185 W) was changed over time 

(F(1,22)=7.804, P=0.011, η2=0.04) and post-hoc tests suggest that this occurred in 

the CON condition (∆GME=+0.9[0.8]%, P=0.019) rather than the HA condition 

(∆GME=+0.2[1.0]%, P=0.355), although there was no main effect for condition 

(F(1,22)=0.321, P=0.058, η2=0.01) or time × condition interaction (F(1,22)=2.347, 

P=0.140, η2=0.01).  

30 minute work done trial (T30) 

Environmental conditions for the T30 were matched between conditions 

(F(1,16)=0.772, P=0.393) and over time (F(2,32)=3.808, P=0.069): 22.0(0.3)°C 

52.5(3.8)% RH. Comparison of T30 data pre- and post-HA/CON (Table 7.5) 

indicated that work done was unchanged (HA: +3(4)%; CON: +2(10)%, 

F(1,14)=0.815, P=0.382, η2=0.00) and there were no differences between conditions 

(F(1,14)=0.002, P=0.961, η2=0.00). Thus, distance completed and average power 

output during the T30 was also unaltered in both conditions (F(1,14)=0.860, 



Chapter 7: The ergogenic effect of heat acclimation 

172 

 

P=0.370, η2=0.00 and F(1,14)=0.811, P=0.383, η2=0.00, respectively). For further 

information on the individual responses to HA and subsequent performance in 

temperate environment, the reader is directed to Appendix.  
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Figure 7.3 Mean (SD) data from the graded exercise test (GXT) in a temperate environment (22°C, 
52% RH) pre- and post- HA (filled circles, n=16) and CON (grey filled circles, n=8) for the 
measurement of, A: Lactate threshold; B: gross mechanical efficiency (GME); C: maximal oxygen 
uptake (V̇O2max) relative to body mass; D: peak power output (PPO). *denotes a significant change 
over time and 

+
 denotes a time × condition interaction effect (P<0.05).  
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Table 7.5 Mean (SD) results from 30 minute work-done cycle trial (T30) completed before and after HA or CON in a temperate environment (22°C, 
53% RH) (n=16).  

Test Performance 
variable 

Pre Post P value 
 HA CON HA CON Time Condition Interaction 

T30 
 
 

Work done 
(kJ) 

418(90) 418(63) 427(83) 423(56) 0.382 0.961 0.808 

Distance 
completed 

(km) 
27.84(5.94) 27.86(4.22) 28.46(5.53) 28.21(3.77) 0.370 0.963 0.794 

Mean power 
output (W) 

232(49) 232(35) 237(46) 235(31) 0.383 0.949 0.812 

CO 
rebreathing 

 

tHbmass 

(g·kg
-1

) 
11.8(0.6) 11.9(1.0) 11.8(0.7) 11.6(0.5) 0.159 0.956 0.406 

Blood volume 
(mL·kg

-1
) 

82.6(6.1) 80.7(9.2) 84.2(7.2) 80.5(6.8) 0.521 0.443 0.399 

Plasma volume 
(mL·kg

-1
) 

46.5(4.8) 44.1(6.5) 48.4(5.6) 44.6(5.4) 0.148
 

0.261 0.387 

T30:30 minute work done cycle trial; CO: carbon monoxide; tHbmass: total haemoglobin mass; HA: Heat Acclimation group; CON: Control group.  
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 Discussion 7.4

The aim of this study was to examine the ergogenic effect of isothermal HA in 

endurance trained men, compared to a cool exercise control group matched for 

perceived exertion. These data demonstrate that: 1) adaptation to heat was 

successfully induced in the HA condition, including thermal, thermoregulatory, 

metabolic and perceptual adaptations which were greater than any changes in the 

CON condition; 2) work done in a 30 minute time trial in a temperate environment 

was unchanged following HA, but PPO, lactate threshold and GME were 

improved; 3) Any ergogenic effect appears to be due to the exercise component of 

the programme rather than heat alone since improvements also occurred, to a 

similar extent, in the control condition. Therefore, H1 that HA would improve 

thermoregulation compared to an exertion matched cool control group can be 

accepted. However, H2 that HA would improve temperate exercise performance in 

comparison to an exertion matched cool control group could not be accepted. 

Moreover H3 must also be rejected since any changes to performance were not 

related to improvements in thermoregulation or key determinants of endurance.  

It has recently been recognised that HA induces numerous thermal and non-

thermal adaptations that have the potential to improve aerobic exercise 

performance in cool-temperate conditions (Corbett et al., 2014; Lorenzo et al., 

2010; Minson & Cotter, 2016; Racinais et al., 2014; Scoon et al., 2007). However, 

the present study did not support the ergogenic effect of heat; work done during a 

temperate 30 minute time trial was unchanged and the increase in PPO was not 

different from that observed in the control group. Previously, Lorenzo et al. (2010) 

have reported that 10-days HA improve 40 km time trial performance in both hot 

and cool environments following 10-days HA with no change in a cool exercise 

control group. However, the HA group may have been subject to greater relative 

training intensity than the control group because external work rate was not 

adjusted in the hot conditions to account for the greater relative exercise intensity 

during exercise in the heat, whilst all laboratory exercise was completed in addition 

to the participants’ normal training. Interestingly, a number of more recent studies 

have not supported an ergogenic effect of HA; although both Keiser et al. (2015) 
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and Karlsen et al. (2015) demonstrated improved performance in the heat 

following 10 to 14-days HA (mean power output +10% over 30 minutes and +16% 

during a 43.4 km outdoor TT, respectively), time trial performance was unchanged 

in a cooler environment. These studies included more adequate control of training 

intensity than Lorenzo et al. (2010); Keiser et al. (2015) ensured relative exercise 

intensity was equal between conditions through matched cardiovascular strain, 

while participants in the control group in Karlsen et al. (2015) remained in 

Denmark to complete their usual training. Participants in the present study 

maintained their usual total training volume and exercise work rate was matched 

using perceived exertion. The observed increase in temperate PPO (4%) was 

reported in both conditions in the present study and is likely attributable to training 

or learning effect (Hopkins, 2000; Hopkins et al., 2001). A similar magnitude (+4%) 

of increased PPO has previously been reported in a group of soldiers completing a 

nine-day HA programme (Sawka et al., 1985), but similar to the present study a 

control group was not included in their study and a training effect cannot be 

excluded.  

The association between HA, blood and plasma volume, cardiac output and 

V̇O2max has been given significant attention as a putative mechanism for the 

ergogenic effect of HA (Corbett et al., 2014; Karlsen et al., 2015; Keiser et al., 

2015; Lorenzo et al., 2010). The present study reported an increased PV in the 

experimental (10[7]%) and control (7[6]%) group using the Dill & Costill (1974) 

method. However, results determined from the CO rebreathing technique suggest 

that any changes in PV were insignificant. This discrepancy could be due to 

greater variability within the CO rebreathing measure, slight difference between 

the timings of the measurements or more likely because the CO rebreathing 

calculation accounts for small (insignificant) changes in tHbmass, while the Dill & 

Costill (1974) calculation does not. Moreover, eight additional participants were 

included in the experimental group using Dill & Costill analysis, thereby increasing 

the statistical power for that method. The current study also reported a time × 

condition interaction effect on temperate V̇O2max, although post-hoc analysis 

indicated that V̇O2max was unchanged within group following either HA or CON. 

Assuming that PV was expanded, then it is likely that any benefit on cardiac 
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output, via the Frank Starling mechanism, was countered by a haemodilution 

effect (Coyle et al., 1990; Hopper et al., 1988; Warburton et al., 1999) resulting in 

no change in V̇O2max (Kanstrup & Ekblom, 1982) in these well trained athletes. 

Nybo & Lundby (2016) have highlighted this response as typical (Karlsen et al., 

2015; Keiser et al., 2015) among an already hypervolemic group and studies that 

have acutely expanded PV in trained athletes have shown similar effects (Keiser 

et al., 2015; Sawka et al., 1983). This observation is in agreement with Keiser et 

al., (2015) where a 6% PV expansion was achieved following 10-days HA, but no 

ergogenic effect was evident. Additionally, Karlsen et al. (2015) demonstrated that, 

despite a large PV expansion in their HA group and their control group (+15% and 

+12%, respectively), there was no change in V̇O2max in cool conditions post-HA. 

On the other hand, Lorenzo et al. (2010) recruited trained cyclists and observed a 

similar degree of PV expansion (6.5%) to Keiser et al. (2015) which was 

accompanied by only a small haemodilution effect (estimated at 3.3%) and an 

increase in cardiac output (9%) which accounted for the increased V̇O2max (5%) in 

a cool environment following a 10-day HA regimen. The reason for the disparity 

between the PV responses in these studies is not entirely clear, but could be due 

to the different protocols used to prescribe work rate in each condition in these 

studies.  

In the present study power at lactate threshold in a temperate environment was 

increased (+5[8]%) irrespective of condition, but these changes did not appear to 

be accounted for by the expansion in PV given that there was no correlation 

between these measures. Lorenzo et al. (2010) were the first to show an 

increased lactate threshold (+5%) in a cooler environment following HA and 

reason that this could have occurred as a result of decreased metabolic rate and 

increased cardiac output and splanchnic blood flow, however this is not always 

present (Chalmers et al., 2016). The current study also measured an improved 

GME (0.5[1.0]%, equating to a percentage change from baseline of 2.7%), 

although this likely occurred in the control group and not the HA group, but could 

be explained by mechanisms including discrete metabolic adaptations within 

skeletal muscle (Jooste & Strydom, 1979; Senay & Kok, 1977) such as increased 
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mitochondria and oxidative enzymes; Sawka et al. (1983) and Shvartz et al. (1977) 

suggested a slightly greater improvement (4%) following HA. 

The present study also demonstrated a reduced T̅b and fc, in temperate conditions 

during rest and sub-maximal exercise following HA. This is important since even in 

relatively cool environments (21°C) a thermal burden may exist, sufficient to impair 

prolonged exercise performance (Ely et al., 2007; Galloway & Maughan, 1997), 

and this is particularly relevant for trained athletes who are capable of large 

metabolic heat productions. Moreover, Corbett et al. (2014) suggest thermal and 

non-thermal adaptations to HA might alleviate the physiological cost of exercise 

when some thermal burden remains. Given that lactate threshold, GME, and some 

aspects of thermoregulation (in the HA group) were improved, the lack of 

performance in the T30 is somewhat surprising, although T30 performance was 

measured in a smaller number of participants (n=16) than GME and lactate 

threshold (n=24) and differences in statistical power could account for this 

observation. When highly trained athletes are performing outdoors, often at high 

speeds, efficient sweating and maximised convective cooling might be sufficient to 

outweigh the impact of their large metabolic heat production, although this might 

only be relevant up to a certain level of disturbance of the boundary layer, above 

which increased convection from increased work/speed will not aid cooling and 

heat will be stored. Furthermore, it might be appropriate to assess individual 

responses to HA and its ergogenic effects, particularly in trained athletes where 

small margins of improvement (or deterioration) are crucial. There appears to be a 

degree of inter-individual variation (standard deviation) in the adaptation and 

performance effects which is obscured by the mean effect. Individual data from 

these studies are presented in Appendix for further information.   

The present study was the first to match work rate between isothermal HA and a 

cool control group using perceived exertion. The aim of the CON group was to 

negate a training effect and isolate the effects of heat. Indeed, parameters often 

used to describe the heat acclimated phenotype, including body temperatures, 

sweat rate and sweat sodium concentration, fc and perceptual indices, showed 

clear differences between the HA and CON groups, with adaptation evident after 

HA only. Other parameters were considered for matching the groups, including: 1) 
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matched external work rate, e.g. power output at 50% cool V̇O2max (Lorenzo et al., 

2010), but this would result in differences in relative exercise intensities due to the 

differences in Tamb and their effects on cardiovascular strain (Wingo et al., 2012); 

2) matched cardiovascular strain, e.g. fc elicited at 50% of V̇O2max achieved in the 

relevant environment (Keiser et al., 2015), but this would likely result in differences 

in the exercise (mechanical work) component of the control group compared to the 

HA group.  

Consequently, this study elected to match the CON and HA groups for RPE. RPE 

is generated as a result of multiple afferent signals including heart rate, metabolic 

and ventilatory parameters and appears to be the key mediator that athletes use to 

regulate exercise intensity (Tucker, 2009; Tucker & Noakes, 2009); on a practical 

level the RPE matching method employed requires no specialist equipment. 

Although RPE was matched between groups, the thermal forcing function 

remained high enough to optimise thermal-strain in the HA group whereas the 

CON group were significantly cooler. Interestingly, Morrison et al. (2002), using a 

randomised crossover design, matched the exercise intensity of the temperate 

control condition to the perceived exertion of the self-selected exercise HA 

condition over five-days. However, unlike the present study, thermal and 

cardiovascular strain were similar in the experimental and control groups, despite 

the difference in ambient conditions (37°C, 50% RH vs 20°C, 50% RH), and it is 

unclear from these data whether adaptive responses presented in the HA group 

were greater than that of the control group. Nevertheless, a similar outcome to the 

present study was found; a trivial effect, less than the smallest worthwhile change, 

for 40 km time trial performance was reported.  

Since there were no significant condition or interaction effects, the improvements 

in lactate threshold, GME and PPO cannot be attributed solely to the inclusion of 

heat in the exercise programme and, despite this well trained cohort, a training 

effect cannot be excluded. It is possible that taking part in a training camp, 

irrespective of environmental conditions, could also improve performance through 

a placebo effect or expected outcomes. For this reason the hypothesis was not 

outlined to participants, but it was necessary to complete sessions in the 

laboratory in order to apply appropriate control and obtain multiple measurements. 
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The present study recognises several other design limitations; a between subject 

design was employed, and for obvious reasons blinding to the thermal condition is 

not possible. Furthermore, sub-elite (trained) athletes with a range of performance 

levels and training histories, which could influence the induction of adaptive and 

ergogenic effects (Flouris et al., 2014; Garrett et al., 2011; Pandolf et al., 1977), 

were recruited and could have a greater scope for improvement following an 

endurance training programme (Garrett et al., 2011; Taylor & Cotter, 2006). 

Although the present study employed a large sample size which was greater than 

any previous studies, this was unequal between conditions for some analyses. 

The ecological validity of the performance test was reduced by the sub-optimal 

wind speed which could have reduced the ability to dissipate heat to the 

environment through convection and forced evaporation (Wall et al., 2013; 

Saunders et al., 2005). Nevertheless, it should be recognised that there is no 

evidence to suggest that HA impairs performance in cooler conditions resulting in 

HA being considered a useful preparation tool if the weather is uncertain. 

In summary, this study reported HA adaptations in a group of trained men 

following medium-term repeated exercise-heat exposure, but not in an exertion-

matched cool exercise programme group; some adaptations were also evident 

during sub-maximal exercise in a temperate environment. Despite an increase in 

PPO, work done in a temperate environment was not improved following HA and 

changes to PPO are possibly due to a training or learning effect. Several 

physiological determinants of performance, such as lactate threshold and GME 

were also improved, although no more than those observed following the cool 

control condition; V̇O2max was unchanged.  
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8 GENERAL DISCUSSION 

 Introduction of the problem   8.1

Despite environmental stressors providing acute detrimental effects on exercise 

performance, frequent repeated exposure to stress affords physiological 

accommodation and eventually adaptation, whereby the strain and performance 

decrement is alleviated. Heat acclimation/acclimatisation is a recognised tool 

athletes use in preparation for competition in hot environments and a timeline of 

cardiovascular, thermoregulatory, metabolic, thermal, hormonal and perceptual 

adaptations has been established (Périard et al., 2015). What is not understood is 

whether adaptation to heat can improve performance under conditions when the 

heat stressor is no longer present, i.e. an ergogenic effect. Evidence supporting an 

ergogenic effect of heat acclimation in cool environments has been reported 

(Lorenzo et al., 2010) but this concept has not been universally recognised 

(Corbett et al., 2014) and is currently under debate (Minson & Cotter, 2016; Nybo 

& Lundby, 2016).  

The studies in the present thesis aimed to robustly investigate the ergogenic 

potential of heat and to explore the mechanisms behind any effects. In addition, 

the thesis also addressed whether combined stressor approaches (permissive 

dehydration or hypoxic exposure) to heat acclimation afforded faster, or greater, 

adaptations to heat, and the mechanisms underpinning this were of interest. 

Answers to these questions would help provide useful practical solutions for 

athletes, in terms of timing, duration and location when considering employing 

environmental stressors in preparation for competition. The work presented tested 

the general hypothesis that additional combined stressors (dehydration or hypoxia) 

would improve the rate and magnitude of HA and HA would alleviate physiological 

strain during exercise in a temperate environment and provide an ergogenic effect 

on endurance performance. The main findings from each stage of this series of 

work are summarised below.  
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 Summary of findings 8.2

The initial study in this series (Chapter 4) investigated the influence of dehydration 

on HA and temperate exercise performance; an idea which has until now received 

little attention, although there have been a growing number of calls to address this 

knowledge gap (Akerman et al., 2016; Garrett et al., 2014; Périard et al., 2015). 

Previously, mild exercise-induced dehydration during short-term HA has been 

reported to augment PV expansion following HA to a greater extent than 

euhydrated HA (Garrett et al., 2014) and improve performance in the heat (Garrett 

et al., 2012). However, the resulting protocol has not been widely adopted by 

athletes, possibly due to the limited evidence base, whereas the influence of a 

short term, permissive dehydration heat acclimation programme, on temperate 

exercise performance has not been studied.  

Therefore, the first study replicated the previously published dehydration regimen 

(Garrett et al., 2014) but measured the effect of short-term HA with permissive 

dehydration (STHADe) on temperate exercise performance in trained athletes. 

The main findings suggest STHADe would be effective at inducing HA with 

evidence of reduced resting and exercising Tre and T̅b and reduced fc and RPE 

during exercise, as well as augmented sweating and improved oxygen pulse 

during exercise in the heat. Reduced thermal and cardiovascular strain was also 

present during sub-maximal exercise in a temperate environment. Lactate 

threshold (+16 W) and peak power output (+6 W) were improved but there was no 

change in TT performance, although there was a trend (P=0.056) for a higher 

mean power. One of the key adaptations to HA, PV expansion, was not reported in 

this, potentially already hypervolemic cohort, therefore it should be considered 

whether a longer duration of HA, with a maintained forcing function, could induce 

PV expansion following longer-term HA. This is important since expanded PV has 

been linked to increases in cardiac output, via a Frank-Starling mechanism, and 

improved V̇O2max which could aid performance, irrespective of environmental 

conditions. Moreover, the extent to which this short-term approach is optimal, in 

terms of maximising the heat acclimated phenotype remained unclear. 
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In the first experimental study the effect of dehydration could not be separated 

from the effect of heat stress. Thus in the second study of this thesis (Chapter 5), 

a within-participant balanced cross-over design with a washout period was 

employed. This study aimed to determine the effect of permissive dehydration on 

the rate and magnitude of the induction and decay of longer-term heat acclimation 

and subsequent exercise in a temperate environment. During-isothermal strain 

sessions hypohydration was achieved (2.7[0.8]% BML) in the dehydrated 

condition, and hydration was maintained in the hydrated condition (0.6[0.7]% BML) 

while thermal strain was clamped to the same elevated Tre in both conditions, 

allowing the impact of dehydration to be assessed independent of differences in 

thermal strain. 

Heat acclimation was evident after only five days of the HA programme, as 

indicated by a reduction in thermal and cardiovascular strain, increased PV and 

sweat production. Other adaptations took longer to develop with perceptual 

improvements after 11-days and evidence of further reductions in exercising fc and 

Tre. However, these adaptations were not notably affected by dehydration and 

were generally maintained seven-days later. Temperate performance parameters 

were unchanged, except for an increase in peak power output (+5%, irrespective 

of condition), but the mechanism underpinning this effect could not be identified, 

and a training effect caused by the exercise-heat stress could not be excluded. 

Importantly, dehydration did not augment the haematological responses to heat 

acclimation as described in the literature previously (Garrett et al., 2014); instead it 

was suggested that haematological benefits might be achieved through the use of 

alternative environmental stressors, such as hypoxia.   

Study three (Chapter 6) examined a combined stressor approach to examine the 

effect of overnight normobaric hypoxia on short- and longer-term heat acclimation 

and subsequent temperate exercise performance using a balanced cross-over 

design study with washout period. It is important to address this question since, 

although many adaptations to heat and hypoxic stress share similarities and 

molecular pathways for adaptation, some adaptations to heat and hypoxia, when 

occurring in isolation may have opposing responses. For instance, following HA, 

PV is expanded (Senay et al., 1976), which is an important initial adaptation to the 
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heat conferring improved cardiovascular stability, while PV is decreased following 

acute and chronic exposure to hypoxia (Bailey & Davis, 1997; Young & Young, 

1988), but other beneficial haematological responses such as erythropoiesis are 

incurred which can aid performance when the hypoxic stressor is no longer 

present (Levine & Stray-Gundersen, 1997). This is relevant since training camps 

are often located in places where athletes are subject to both heat and hypoxic 

stress simultaneously. For example, popular training camp locations such as in 

Boulder, Colorado are situated at ~2,000 m elevation and can reach a temperature 

of ~40°C in the summer. Thermal stress and strain during isothermal strain 

sessions was matched between conditions and overnight desaturation was 

successfully induced in the hypoxic condition, but this had no effect on short- or 

longer-term HA, or haematological parameters including total haemoglobin mass, 

in either condition. A pre and post acclimation temperate graded exercise test and 

a temperate 30 minute work done trial were included in this study. Although 

temperate lactate threshold (+9%), peak power output (+4%) and performance 

(+4%) were improved immediately following HA, irrespective of condition, other 

physiological determinants of performance were unaltered and the performance 

effect was not sustained 14-days later.  

The evidence for a potential ergogenic effect of heat reported in the earlier studies 

in this thesis prompted a robust investigation into the mechanisms underpinning 

this effect in order to establish whether these changes were due to the heat, or 

whether they could be explained in part by a training effect. Thus, the final study of 

this thesis (Chapter 7) pooled data from participants who completed HA without 

additional dehydration or hypoxic stress and included cooler performance tests 

before and after HA. These data were compared with a matched control group 

who completed a programme of the same length but in a cool environment. 

Exercise intensity was matched to the rating of perceived exertion reported by the 

participants during the isothermal exercise heat-stress sessions.  

Perceived exertion appears to be the key mediator that athletes use to centrally 

regulate exercise intensity since RPE is generated as a result of multiple afferent 

signals and together with the regulatory protective system, results in a safe and 

optimal performance where some physiological disturbance is tolerated (Tucker, 
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2009; Tucker & Noakes, 2009). Adaptation to heat was successfully induced in the 

HA group, including thermal, thermoregulatory, metabolic and perceptual 

adaptations, and these beneficial responses were greater than any changes in the 

cool control group, but PV expansion was reported to the same degree in both 

groups. There is also evidence for some transfer of thermophysiological 

adaptations to a less thermally stressful environment, such as reduced T̅b and fc 

during rest and sub-maximal exercise in temperate conditions. Despite this, no 

change in work done was reported following longer-term HA or moderate training 

in a cool environment, although PPO, lactate threshold and GME were improved. 

However, this appears to be due to the exercise component of the programme 

rather than heat alone since it occurred to a similar extent in both groups. Thus, 

these data do not support an ergogenic effect of heat and suggest that evidence in 

much of the literature, often provided without an appropriate control group, is likely 

the result of a training effect.   

 Conclusion  8.3

This body of work has established that when dehydration or hypoxic stress is 

combined with repeated frequent exercise-heat exposure there are no 

improvements in the rate or magnitude of HA or temperate exercise performance. 

However, neither of these combinations hinder adaptation to heat; thus, the 

general hypothesis cannot be accepted.  

 Assumptions  8.4

Tre was used to represent Tc throughout this thesis and this assumption is not 

necessarily correct since Tre might lag behind changes to true Tc. Although during 

the isothermal strain sessions, target Tre was achieved and maintained without 

overshooting. In this project, the reproducibility of perceptual indices is assumed 

and this is particularly relevant since participants completed numerous days in the 

laboratory sometimes separated by a washout period and RPE was used to match 

groups in study four. It was assumed that participants in all studies adhered to the 

instructions regarding training, food, caffeine and alcohol intake; this was verbally 

confirmed by the experimental team. 
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 Delimitations  8.5

Delimitations knowingly imposed on this research include the recruitment of 

endurance trained/highly-trained male athletes. The scope of the thesis was 

limited to a local recruitment strategy, due to the large laboratory commitment 

required in these studies, meaning it was not possible to recruit elite athletes. 

Therefore, these results should be considered carefully when applying the findings 

to untrained or elite athletes since they possess several different physiological 

characteristics and different responses to stimuli. Physiological adaptive 

responses, including thermal measures, were recorded over the course of up to 

25-days; Tc changes over the menstrual cycle in females and this and other 

differences in thermoregulation (Charkoudian & Stachenfeld, 2016) could mask 

any adaptations to the interventions, thus, females were not included. 

Furthermore, the ergogenic effect of HA was primarily assessed in a temperate 

environment, the effect on other (cooler and warmer) temperatures was beyond 

the scope of the thesis but should be considered in future work. The same goes 

for other variations on this theme regarding different durations of decay, timing of 

performance tests or degrees of dehydration or hypoxic stress imposed; the 

rationale for the chosen conditions has been provided within each Chapter. 

Examining the effect of age or sex was also not within the scope of this project. In 

order to assess the effect of the additional fluid regulatory strain imposed by 

hypohydration and separate this from other consequential effects of dehydration, 

such as the greater elevation in Tb, target Tre during the daily sessions was 

clamped. This does not allow the complete ecological effect of the dehydration 

stimulus to be assessed. Furthermore, different degrees of hypohydration and 

euhydration were achieved due to varied sweat rates and body morphology. 

 Potential implications for other populations 8.6

Often endurance athletes (particularly males) are studied in HA research, 

however, only a small proportion of this research include data from 

elite/professional, usually team sport, athletes (Racinais et al., 2014). It is possible 

that the majority of the evidence from HA, in less trained endurance athletes, will 

not relate to the elite population in the same way. For example, elite athletes might 
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have a maximally expanded plasma volume, thus improvements in this parameter 

could be immaterial or even harmful, through haemodilution. Further investigation 

of the markers of HA in comparison to fitness should be examined. Due to their 

high level of endurance training, endurance athletes might adapt more rapidly to a 

hot environment (Garrett et al., 2011; Racinais et al., 2012) and the period of 

decay may be much shorter and they might benefit from living hot or ‘top-up’ heat 

exposures for HA to be re-induced (Guy et al., 2014). Evidence for effective HA 

with a particular focus on team sports players (Brade et al., 2013; Buchheit et al., 

2011; Chalmers et al., 2014; Chen et al., 2013; Febbraio et al., 1994; Garrett et al., 

2012; Périard et al., 2015; Petersen et al., 2010; Racinais et al., 2012; Sunderland 

et al., 2008) is growing. Although these sports are generally skill based, they also 

require a certain degree of endurance fitness. Collectively, if this element can be 

improved on team-wide level, large overall improvements in the team performance 

could be achieved. However, it is likely more difficult to include a HA programme 

as part of a training programme for a team due to its time demanding nature 

(unless an effective condensed HA protocol is established) and unspecific nature 

to their sport as well as compatibility with tapering programmes pre-competition. 

Thus far, the research suggests that HA is effective in these individuals (Buchheit 

et al., 2011; Chen et al., 2013; Garrett et al., 2012; Sunderland et al., 2008) and is 

used by some teams preparing for competition in hot environments.  

There is far less research examining the HA profile of females than males and 

existing evidence suggest that longer HA programmes are required for females 

than males in order for HA to be effective (at reducing cardiovascular and 

thermoregulatory strain) (Mee et al., 2015). HA programmes might also be 

adjusted for disabled athletes, for example individuals with a spinal cord injury, 

since thermoregulatory responses to heat are compromised, i.e. reduced sweating 

and vasodilation below the lesion. Recent research in untrained spinal cord injury 

persons suggests HA was not achieved after seven-days and a longer protocol is 

required (Trbovick et al., 2016). HA might be considered for use in the injured 

athlete population during rehabilitation since cardiovascular strain can be 

increased without a large increase in load when exercising in the heat, and thus 

aid improvements in fitness. Despite earlier inconclusive results comparing older 



8. General Discussion 

188 

 

and younger individuals’ capacity to acclimate to heat (Armstrong et al., 1993; 

Inoue et al., 1999; Pandolf et al., 1988; Robinson et al., 1965; Wagner et al., 

1972), more recent, controlled research concludes the HA response might differ 

between older and younger individuals, even when trained, particularly the 

cardiovascular adaptations although it likely does not limit body temperature and 

sudomotor adaptations (Best et al., 2013).   

 Limitations  8.7

The limitations experienced in this work include features of the study design and 

this work was relevant to the single population examined. Although adequate 

control was absent for some aspects of these studies, other areas of the design 

(balanced cross-over designs) were much improved on the existing literature. One 

factor which all of these studies have in common is that all participants took part in 

a controlled programme in the laboratory with the exercise programme prescribed 

for them. Participants were instructed to maintain the same total training volume 

but the exercise that they completed in the laboratory would have varied in some 

respects from their usual training. For participants in both the experimental and 

control groups, simply taking part in a ‘training camp’ of sorts during these studies 

could induce a placebo effect which might affect performance, although a placebo 

effect can still be meaningful for competition. Facilities at the Extreme 

Environments Laboratory did not allow for the invasive measure of cardiac output, 

nor was the examination of intracellular, rather than plasma, protein 

concentrations possible. In specific regard to the studies examining dehydration, a 

lack of diet (particularly sodium intake) control was a limitation, and training was 

not recorded between the induction of HA and the decay test. In the hypoxic study 

this research included the use of normobaric, not hypobaric, hypoxia and exposure 

to hypobaric hypoxia could induce greater strain (Savourey et al., 2003) so should 

be considered. In the final study, skin temperature during the daily exercise 

sessions was not recorded in both groups so a comparison in mean body 

temperature could not be made. In retrospect, the fan speed employed in the 

performance tests was not ecologically valid and this should be adapted in future 

studies.  
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 Future directions  8.8

Impaired performance has been reported over a range of temperatures (Ely et al., 

2007; Galloway & Maughan, 1997) and it is recognised that HA resolves the 

performance decrement in the heat (Racinais et al., 2015).  Ergogenic effects of 

HA have been reported in cool and temperate environments using studies of 

varied design (Corbett et al., 2014). Thus, the magnitude of any ergogenic effects 

might lie along a continuum with the size of the effect diminishing with the size of 

the thermal burden; future studies should investigate HA adaptation across a wide 

temperature range (e.g. at 40, 30, 20, 10°C). Future studies could also include a 

placebo control group from a similar cohort of athletes who continue their usual 

training outside of the laboratory to increase the ecologically validity of the 

research question. Many participants completed HA programmes in this thesis and 

despite lying within a narrow range of fitness, different individual physiological 

responses were observed (Appendix). Data could be carefully examined to 

determine whether any factors might be able to predict the magnitude of an 

individual’s response to HA. Heat stress test protocols continue to be developed 

and criticised but these need to be optimised in order to allow for the fair 

comparison within and between participants. Many other areas of HA have been 

highlighted from data reported in this thesis as topics for greater scrutiny or further 

examination and ideas such as: physiological vs perceptual components of 

adaptation; molecular mechanisms underpinning adaptation; timing, “top-ups” and 

the re-induction of HA; effective comparisons with matched control groups; cross-

stressors; optimal duration and types of programmes for the induction of HA; 

hypoxia and weight loss and passive heat exposure, should be investigated.   
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APPENDIX 

A) UPR16- Signed Research Ethics Review Checklist 

B) Favourable ethical opinion: Study one (SFEC 2014-008 19/02/2014) 

C) Favourable ethical opinion: Study two (SFEC 2014-069 28/10/2014) 

D) Favourable ethical opinion Study three & Four (SFEC 2015-001 

03/02/2015) 

E) Favourable ethical opinion to Amendment A of SFEC 2015-001 

(02/11/2015) 

F) Methods- CompuTrainer validation with SRM crank 

G) Visual Analogue Scales for Thermal Sensation 

H) Visual Analogue Scale for Thermal Comfort 

I) Individual responses to STHADe in a temperate GXT (Study one) as 

published in Neal et al., 2015 

J) Sample size calculation for study three 

K) Alternative statistical approach for Chapter 6 

L) Summary heat acclimation data comparing the pre-post change following 

programmes from all studies.  

 



Appendix A 

213 

 

 

 



Appendix B 

214 

 

 



Appendix C 

215 

 

 
 
 
 
 
 

Faculty of Science 
University of Portsmouth 
St Michael’s Building 
White Swan Road 
PORTSMOUTH 
PO1 2DT 

 
Rebecca.Neal@port.ac.uk 
27th October 2014 
 
 
 
Science Faculty Ethics Committee 
 
Protocol Title: Investigating the impact of long term heat acclimation with permissive 

dehydration on temperate exercise performance in trained athletes 
– SFEC 2014-069 

Date received: 3rd October 2014 
Date Reviewed: 27th October 2014 
 
 

FAVOURABLE OPINION 
 

Dear Ms Neal, 

Thank you for your submission for ethical review.  Having completed their review, 

members of the Science Faculty Ethics Committee have reached a Favourable opinion of 

your proposed research.  

 
Please notify the committee of any substantial amendments to the proposed procedures, 
send an annual report to the committee regarding study progress and a final study report 
once the study has concluded.  Please send these to sci.fac@port.ac.uk.  Thank you and 
the committee wishes you well with your study.    
 
Dr Simon Kolstoe – Vice Chair SFEC 
 

 
 
CC -  
Holly Shawyer – Faculty Administrator 
 

mailto:sci.fac@port.ac.uk


Appendix D 

216 

 

 

 

 



Appendix E 

217 

 

 



Appendix F 

218 

 

Methods- CompuTrainer validation with SRM crank 

 

Figure 8.1 Power output reported by the SRM crank in comparison with the power output 
reported by each calibrated CompuTrainer, at different work rates (50 – 200 W) and ambient 
conditions. Black diamonds and trend line represent the measurements taken in a hot (40 °C) 
environment while grey circles represent data obtained in a temperate (22 °C) environment. 
Multiple data points at each work rate represent different CompuTrainers or repeats separated 
by several months.   
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Figure 8.2 Individual results from temperate graded exercise test performed pre- and post-short term heat acclimation with permissive dehydration. Panel A: 
Maximal oxygen uptake (V̇O2max); B: Peak power output (PPO); C: Lactate threshold (LT); D: Gross mechanical efficiency (GME). From study one data and 
published in Neal et al., 2015.  

D 
C 

B 

A 



Appendix J 

222 

 

Sample size 

Study three: the effect of hypoxia on the rate and magnitude of long-term heat 

acclimation and temperate exercise performance 

Calculation of sample size for chapter 6 

1) Two-way (time and condition) repeated measures design and analysis 

(balanced crossover design): 

 

 

 

 

 

 

 

 

 

 

Input parameters: 

Data from previous study (HST Tre average exercise) used to determine effect size 

f. 

α error probability (P level of statistical significance) = 0.05 

80% power required (1-β) = 0.8 

Number of groups = 1 since all participants would complete all conditions and time 

points. 
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Number of measurements = 6 since variables would be assessed at three time 

points (Pre, Mid and Post, or Pre, Post and Retention) in two conditions (HAC and 

HAH).  

Correlation among repeated measures = 0.5 which assumes a conservative 

correlation found in previous data.  

Nonsphericity correlation ε = 1.0 assumes sphericity within the data.  

Sample size (7) should be adjusted to 8 in order to achieve a balanced design i.e. 

four complete HAC then HAH and another four complete HAH before HAC.  

2) Mixed model design and analysis (in case of dropout): 

 

 

 

 

 

 

 

 

 

 

Number of groups = 2 since HAC and HAH would be treated as two separate 

groups with different participants completing one or the other (between factors). 

Number of measurements = 3 since variables would be assessed at three time 

points (Pre, Mid and Post, or Pre, Post and Retention). 
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Chapter 6- Heat acclimation and hypoxia: Additional statistical analyses  

The crossover nature of this study design means data in this chapter were 

analysed with two-way repeated measures ANOVAs (n=8). However, this means 

that data sets from four of the 12 participants who were recruited for this study 

(those who completed one condition without crossover to the second condition- 

two completed HAC only and another two completed HAC only) were excluded. In 

order to take all data collected into account, the results were also analysed using 

two other statistical techniques: a mixed model ANOVA and a mixed linear model. 

The mixed model ANOVA maintained a repeated measures design for the 

changes over time but treated condition as a between subjects factor, therefore 10 

participants completed each condition (HAC or HAH) at all time points. This 

however, assumes that 20 different people participated in this study and therefore 

introduces some unfair bias by increasing the correlation in measures between 

conditions. The mixed linear model provides analysis of all possible repeated 

measures data for both time and condition (n=12), although it obscures the study 

design and is inconsistent between variables and tests where various data are 

missing. Results from these analyses showed stronger time effects but present 

similar overall findings to those described above. The data in this thesis were 

presented since this is the preferred test for crossover designed studies and the 

analyses possess sufficient power (tested post-hoc) to draw conclusions, including 

detecting interaction effects, from a sample of this size.  
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Figure 8.3 Mean (SD) (plus individual data points for each participant) for the change in four key variables describing heat acclimation (HA) following each programme in this thesis (short-term HA with 
permissive dehydration [ST-HADe: red, open]; short-term HA with overnight normobaric hypoxia [ST-HAH: blue, open]; short-term HA with euhydration [ST-HAEu: green, open]; medium-term HA with 
permissive dehydration [MT-HADe: red, filled]; medium-term HA with hypoxia [MT-HAH: blue, filled]; medium-term HA [MT-HA: green, filled]; or a medium-term cool exertion matched exercise programme [MT-
CON: grey], for A) end exercise rectal temperature; b) end exercise mean skin temperature; C) end exercise cardiac frequency, and; D) whole body sweat rate. *denotes a significant change pre-post 
programme. 

+
denotes a change significantly greater than the change in the CON group. (P≤0.05). Horizontal dashed lines represent the smallest worthwhile change (0.2×SD) (Hopkins, 2004).  
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Figure 8.4 Mean (SD) (plus individual data points for each participant) for the change in blood volumes following each programme in this thesis (short-term HA with permissive dehydration [ST-HADe: red, 
open]; short-term HA with overnight normobaric hypoxia [ST-HAH: blue, open]; short-term HA with euhydration [ST-HAEu: green, open]; medium-term HA with permissive dehydration [MT-HADe: red, filled]; 
medium-term HA with hypoxia [MT-HAH: blue, filled]; medium-term HA [MT-HA: green, filled]; or a medium-term cool exertion matched exercise programme [MT-CON: grey], for A) ∆ plasma volume; B) ∆ blood 
volume; C) ∆total haemoglobin mass. *denotes a significant change pre-post programme. 

+
denotes a change significantly greater than the change in the CON group. (P≤0.05).  
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Figure 8.5 Mean (SD (plus individual data points for each participant) for the change in four key indicators of performance (in temperate conditions) following each programme in this thesis (Study 1: short-term 
heat acclimation with permissive dehydration [ST-HADe] [orange]; Study 2: medium-term heat acclimation with permissive dehydration [MT-HADe] [red]; Study 3: medium-term heat acclimation with overnight 
normobaric hypoxia [HAH] [blue]; Study 4: medium-term heat acclimation [HA] [green] or a medium-term cool exertion matched exercise programme [CON] [grey], for the change in A) maximal oxygen uptake 
b) peak power output; C) power at lactate threshold, and; D) gross mechanical efficiency (taken from the mean from GME at four work rates between 110 W and 185 W). *denotes a significant change pre-post 
programme. 

+
denotes a change significantly greater than the change in the CON group. (P≤0.05). Horizontal dashed lines represent the smallest worthwhile change (0.2×SD) (Hopkins, 2004).  
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Figure 8.6 Mean (SD) (plus individual data points for each participant) for performance (with the change in performance below) in temperate conditions following programmes in this thesis (Study 1: short-term 
heat acclimation with permissive dehydration [ST-HADe] [orange]; Study 3: medium-term heat acclimation with overnight normobaric hypoxia [HAH] [blue]; Study 4: medium-term heat acclimation [HA] [green] 
or a medium-term cool exertion matched exercise programme [CON] [grey]. Study 1 (A&C) used a 20 km cycle time trial with the time to complete describing performance, while Study 3&4 (B&D) used a 30 
minute cycle trial where performance was described as the work done in this time. *denotes a significant change pre-post programme. 

+
denotes a change significantly greater than the change in the CON group. 

(P≤0.05). Horizontal dashed lines represent the smallest worthwhile change (0.2×SD) (Hopkins, 2004).  
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 Figure 8.7 Change in markers of HA for each individual participant (from heat stress tests throughout the series of studies) compared with their initial relative maximal oxygen uptake. A: Change in 
plasma volume; B: change in whole-body sweat rate; C: change in end exercise rectal temperature; D: change in end exercise mean skin temperature; E: change in end exercise cardiac frequency. 
Orange represents short-term heat acclimation with permissive dehydration; red represent medium-term HA with permissive dehydration; blue represents medium-term HA with overnight hypoxia; 
green represents medium term HA and black represents the medium-term cool exertion matched control programme.  

 


