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Abstract
The purpose of this thesis was to determine optimal strategies for heat acclimation (HA) and to investigate
whether HA attenuated the physiological responses, when acclimated, to acute hypoxia.
Study one considered the optimal exogenous conditions for effective HA. Data identified that during acute
exercise-heat stress a minimum degree of physiological strain was required to elevate blood extracellular heat
shock protein (eHSP72, used as an indicator of cellular heat stress). The increase in eHSP72 was due to several
endogenous factors achieved in 40°C/40% R.H., and not 20°C/63% R.H. or 30°C/51% R.H. Thus, the hottest
external condition was used for subsequent HA methods.
Study two tested the implementation of two isothermic HA models compared with a validated, traditional fixed
intensity method (90 min; 50% VO2peak). The isothermic models targeted and achieved specific core temperatures
(Trec) (90 min; continuous = 38.5°C, day 1–10; progressive = 38.5°C day 1-5 then 39.0°C, day 6-10).
Endogenous strain was sustained better using isothermic HA during long term timescales compared with the
fixed intensity HA with a greater mean Trec and duration Trec≥38.5°C. During the early phases of acclimation,
greater strain was not at the expense of greater work, or less palatable exercise intensity prescription, which were
more favourable using isothermic versus fixed intensity methods, largely due to the greater initial heat
production. Despite differences in the HA administration, no difference was found for resting or exercising
phenotypic adaptations between methods. Additionally, using a progressive isothermic method offered no
additional physiologically adaptive benefit in comparison to the fixed, or continuous isothermic methods.
With Hsp72 increases being an important mechanism by which heat-hypoxic cross tolerance is augmented, study
three demonstrated that the continuous isothermic HA methods from study 2 sustained the leukocyte
Hsp72mRNA responses to the greatest extent. The sustained influence on physiological measures and HSP
concentrations evoked by the long term continuous isothermic method, alongside the favourable administration,
supported this method’s application for the final experiment, aimed at measuring the efficacy of optimised HA in
reducing physiological strain during acute hypoxia.
Study four data demonstrated accelerated physiological adaptations which accompany long term isothermic HA
in comparison to normothermic training. Data collected within an acute hypoxic exposure during rest, then lowmoderate and moderate-high intensity exercise, identified physiological strain is reduced following HA, in
comparison to normothermic training or when not acclimated, and that the Hsp72mRNA increase which
occurred prior to HA was subsequently attenuated following the intervention. No increase in Hsp72 mRNA was
observed in either pre or post trials in the normothermic training (control) group, suggesting insufficient stimuli
to initiate the heat shock response within this group.
This evidence supports the notion that HA provides a suitable strategy to decrease the physiological strain during
acute hypoxic exposures.
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1 INTRODUCTION
Exercise in extreme environmental conditions places increased systemic stress on the body (Cheung, 2010).
Environmental conditions in which physical activity occurs (such as for athletic competition or occupational and
military endeavours) include dry and humid heat, where internal body temperatures exceeding 40.6°C can be
fatal (Bouchama and Knochel 2002; Howe and Boden 2007), and at altitude where ascents above 2,500m can
lead to illness (Hackett 1999; Wilson et al. 2009), particularly when combined with physical activity (Roach et
al. 2000; Hackett and Roach 2001). In these extreme environments, the difference from typical habitual
normothermic, normoxic conditions presents a significant physiological challenge to regulate temperature and
reduce systemic hypoxia resulting from reductions in inspired oxygen content (Sewall 1902; Haldane 1905).
The human body has a unique ability to adapt both physiologically (Sawka et al. 2011) and behaviourally
(Flouris 2011), in order to tolerate the increases in physiological strain induced by changes in ambient
conditions. Acute responses to heat, and hypoxia include reductions in physical activity and compensatory
responses to mitigate increases in heat storage, or tolerate reductions in oxygen availability respectively (Bahrke
and Shukitt-Hale 1993; Flouris 2011). Whilst these largely behavioural responses are effective acutely, they
clearly have limited application when reduced physical activity duration, or intensity are not permissible.
Classical examples of this have been described where more effective thermoregulation allowed primitive humans
to catch large prey through a repeated chase in hot conditions (Lieberman 2015), or at altitude where Tibetans
live and work at an ascent where sea level natives would be at significant risk of illness or even death at rest
(Moore et al. 1998; Wu and Kayser 2006). For humans, in extreme heat or at altitude the predator-prey
relationship is more readily replaced with intrinsic and extrinsic demands to perform external work for
occupation, or athletic performance whereby failure to perform optimally is not viable or castigated irrespective
of changes in the ambient environment (Guy et al. 2014; Hamlin et al. 2015). In this instance chronic adaptive
responses to heat stress or hypoxia are more pertinent as a means for ensuring maintenance of normothermic,
normoxic function. Measurement of physiological and biochemical markers of stress in these extreme conditions
has identified a number of shared adaptive responses to exercise and exposure, this, despite differences in the
nature of the environment.
Altitude acclimation/acclimatization

1

defines adaptive responses occurring in simulated (low oxygen

concentration) or actual (low barometric pressure) environments. Optimal “ascents” to balance physiological
stress and training quality appear to range from 2,000 to 2,500 m (Fractional inspired oxygen (FiO2) = 0.14),
with a live high (12 to 22 hours per day), train high/low model most effective following 21 to 28 days of
exposure (Millet et al. 2010). Physiological adaptations to this altitude training paradigm include red blood cell
profileration following erythropoiesis (Gore et al. 2013), angiogenesis, and mitochondrial biogenesis (Vogt et al.
2001). These adaptations improve oxygen delivery and utilisation, thus reducing anaerobic contributions to
physical work at a given intensity translating to an increased ability to perform physical activity requiring
aerobic metabolism (Rusko et al. 2004; Robach et al. 2014). Provision of altitude training facilities is
1

Acclimatization describes adaptive physiological or behavioural changes within an organism in response to their natural climate or
environment. Acclimation differs from acclimatization in that rather than adaptive characteristics being augmented in a natural climate or
environment, the stimuli for adaptation is artificially induced, typically within an enclosed chamber within which ambient conditions
(temperature/oxygen content) are altered see 2.2.1 Heat adaptation.
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problematic for some individuals, as is the ability to reside within the environment for extended periods within a
day, and for consecutive days for up to four weeks. This body of evidence supports the effectiveness of
adaptation to low oxygen conditions, but highlights a number of limitations (duration of training, access to
environmental conditions, cost) which might preclude its application to some individuals. Heat adaptations are
known to be attainable in periods ranging from four to ten consecutive days, with daily exposure requirements
optimised at a maximum of 100 minutes, with as little of 30 minutes of moderate intensity exercise required in
hot, humid conditions (≥30°C and ≥40% relative humidity) (Aoyagi et al. 1997; Garrett et al. 2011; Sawka et al.
2011). Thus, heat acclimation/acclimatization may be more attainable that altitude acclimation/acclimatization,
and may be equally effective at reducing the physiological strain of these unfamiliar conditions. In contrast to the
primarily haematological adaptations elicited at altitude, heat derived adaptations are multisystemic with
homeostatic reductions in basal body temperature (Buono et al. 1998), improved sweat responses (Nadel et al.
1974) to facilitate heat dissipation via evaporation (Poirier et al. 2015) and blood plasma expansion improving
cardiovascular function (Senay et al. 1976). Each of these contributes to a favourable attenuation in
physiological strain at rest and during physical activity in both the hot, and cool conditions (Corbett et al.
2014b). It is unknown whether the more achievable heat based regimen for reducing physiological strain is
effective in low oxygen environments, if this can be evidenced, then refinements to further improve the
administration of training under heat stress can be made.
Numerous data evidence acclimation or acclimatization to environmental stress in isolation, using repeated
actual or simulated exposures, as an effective intervention which allows an individual to maintain physical
activity, and/or attenuate physiological strain (Fudge et al. 2012; Millet et al. 2010; Wilber 2007; Sawka et al.
2011; Horowitz 2014; Taylor & Cotter 2006). At present, it is unknown whether acclimation to one
environmental stressor might offer protection in a different environmental condition sharing similar
physiological consequences (Tipton 2012), though this phenomenon has been proposed in a number of recent
reviews (Horowitz and Assadi 2010; Salgado et al. 2014; White et al. 2014; Ely et al. 2014).
Animal models, and a small number of human studies have begun to experimentally elucidate mechanisms
associated with cross adaptation (Rattner et al. 1979; Lunt et al. 2010; Burleson and Silva 2011; Heled et al.
2012; Lee et al. 2014b; Lee et al. 2014a). Cross adaptation proposes that acclimation or acclimatization to one
environmental extreme e.g. heat stress or hypoxia, will facilitate maintenance of physical activity and/or
attenuate physiological strain in a different environment. Mechanisms for cross adaptation can be subdivided
into physiological adaptations (cross acclimation) and cellular adaptation (cross tolerance). Cross acclimation
describes the maintenance of equal absolute rate of oxygen delivery for metabolism in extreme environments as
in normothermic, normoxic conditions (Piantadosi 2003; Fregly 2011). This is typically achieved by reducing
basal heat stored, increasing heat dissipation, maintaining central blood volume, and increasing the relative
oxygen carrying capacity of the blood. These cross acclimation adaptations reduce the increases in the relative
cost of metabolism at a given workload under environmental stress. Cross tolerance describes cytoprotective
adaptations that become acutely, and chronically induced given repeated environmental stimuli. Cross tolerance
is largely facilitated by changes in basal heat shock proteins (Moseley 1997; Kregel 2002). Heat shock proteins
are molecular chaperones which increase cellular resistance to apoptosis and maintain cellular and molecular
function e.g. the cascade of adaptation which follow changes in gene expression (Kregel 2002).
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The induction of cross acclimated and cross tolerant phenotypes has a number of pertinent applications for
individuals due to experience unfamiliar and unaccustomed increases physiological strain either at altitude, or
under heat stress. The aim of this thesis is investigate the physiological pathways which may demonstrate the
efficacy of cross acclimation, and cross tolerance in the direction of heat acclimation towards reducing
physiological strain at rest and during exercise in hypoxia. Identification of the physiological pathways is of
primary importance prior to the implementation of cross acclimation/tolerance to different populations i.e.
athletic or occupational. The aims of this thesis are presented in the following chapters.
Chapter 2 reviews the literature, describing acute and chronic responses to heat stress and altitude exposure. The
first part of the literature review considers the methods for optimising the administration of heat acclimation, and
how the known acute responses to heat stress can be manipulated to enhance adaptation at a physiological, and
cellular level. The second part of the literature review focuses upon the acute responses to simulated and/or
actual altitude, and mechanisms by which these established responses may be mitigated by the previously
discussed heat acclimation adaptations
Chapter 3 describes the common methods used across multiple experimental chapters within this thesis.
Chapter 4 presents the first experiment chapter whereby the physiological strain and concurrent extracellular
heat shock protein 72 responses to graded exogenous thermal stress is described. This experimental chapter
informs future experimental chapters of the minimum endogenous criteria required to augment a cellular stress
response in response to acute exercise-heat stress.
Chapter 5 uses the optimal external environmental conditions described in Chapter 4 to provide sufficient
exogenous heat stress during comparisons of different methods for administering heat acclimation. This chapter
describes the adaptive responses specific to three different heat acclimation methods over short, and long term
time scales. In addition to the physiological adaptive capacity of each method described, the efficacy of the
administration of each method is presented and contextualised.
Chapter 6 is an experimental chapter, reporting data collected concurrently with Chapter 5. This experiment
describes the heat shock protein 72 gene responses to the three heat acclimation methods across short, and long
term time scales.
Chapter 7 describes the findings from the final experiment. In this experimental chapter, both cross acclimation
and cross tolerance centric data are investigated. Following optimisation of the heat acclimation administration
in chapters 4, 5 and 6, this intervention is tested against a normothermic exercise training intervention to
determine the effectiveness of each at reducing both the physiological strain, and heat shock protein 72, and heat
shock protein 90α response to hypoxia.
Chapter 8 discusses the individual and cumulative findings of all the experimental chapters, contextualising the
data towards determining an optimised strategy for further investigating mechanisms associated with cross
acclimation and cross tolerance. This chapter closes with practical applications and future research directions.
Chapter 9 provides concluding comments on the thesis.
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2 REVIEW OF LITERATURE
2.1 PRINCIPLES OF HUMAN THERMOREGULATION
Despite habitation across great global variations in ambient temperature, humans possess the unique ability to
manipulate physiological and behavioural characteristics to ensure core temperature remains close to the
homeostatic constant of 37.0 ± 1.0°C (Cheung 2010b), and within the effective, functional range of 35.0 –
40.0°C (Parsons 2014). It is the ability to physiologically adapt, thus ensuring functional core temperatures,
which forms the purpose of this review of the literature, particularly adaptations made during exercise in the
heat. This review of literature will first consider the principles of thermoregulation in humans and discuss how
these can be manipulated utilising chronic interventions which alleviate heat stress during exercise. The
physiological and cellular adaptive responses to repeated heat stress will then be reviewed. Finally, the acute
physiological and cellular responses to hypoxia will be described with concluding comments focused upon how
adaptive mechanisms procured in the heat might attenuate the physiological strain in hypoxia.
At rest, the ability to maintain a stable core temperature is challenged by the external environment, with
fluctuations away from the desirable ambient temperature of ~25°C being met by automatic, subconscious
physiological responses such as shivering when cold, sweating when hot and the manipulation of cutaneous
blood flow which can serve either purpose (Taylor et al. 1995). Additionally, evolutionary developments in
shelter and the capacity to manipulate the external environment (heating and air conditioning) and the ability to
select clothing have afforded humans an additional behavioural thermoregulatory capability. These
aforementioned changes to the physiological function are typically described as acute responses with a purpose
of attaining homeostasis. However, it has long been known that humans can acclimatize to changes in ambient
temperature, demonstrating a chronic adaptation which is typically evidenced at rest and/or during physical work
in the stressful environment (Robinson et al. 1943; Hellon et al. 1956; Davis and Johnston 1961; Shapiro et al.
1981). Nevertheless, evidence has suggested that natural seasonal acclimatization is inhibited by modern
behavioural responses e.g. air conditioning in living and exercise spaces, avoidance of outdoor physical activity
and sedentary lifestyles, even in humid continental climates (Bain and Jay 2011). Thus, alternative strategies
must be sought to provide sufficient heat stress for adaptation, as natural acclimatization is ineffective with a
consequential increase in physiological strain and potentially, greater risk of heat illness upon sudden exposure
to heat, particularly during physical exertion.
Thermoregulation balances external and internal heat sources creating a normothermic homeostatic environment,
thus avoiding hypo- and hyperthermia (Cheung 2010b). Behavioural and physiological responses to internal and
external heat requires sensory feedback and processing to determine perception, termed thermoreception (Bligh
and Voigt 1990), however the actual biophysical changes in temperature, the outcome of varying rates of heat
storage is most effectively described by the heat balance equation.
The heat balance equation gives a biophysical calculation to model the heat storage and with regards to exercise
in the heat, allows for the determination of the factors affecting heat exchange, which can be subsequently
manipulated to stabilise or augment core temperature. The various elements of heat exchange are measured in
watts (W) unless made relative to the body mass (W.kg-1) or surface area (W.m2), with established heat
production <100 W in adults at rest and in excess of 1000 W during high intensity exercise. Whether heat
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production is compensable, or uncompensable depends on the interaction between the individual, their
phenotypic and genotypic profile and their environment (Cheung et al. 2000). Compensable heat stress occurs
when the rate of heat production (and consequently evaporative requirement) is less than the maximal rate of
evaporation permitted between the individual and the environment (Cheung 2010b; Parsons 2014). In these
compensable conditions thermal steady state is achievable. Uncompensable heat stress therefore occurs in
conditions where the evaporative heat loss requirement to maintain a thermal steady state is exceeded by the
maximal rate of evaporation permitted between the individual and the environment. Uncompensable heat stress,
can be augmented by the work rate of an individual, the external heat stress or inhibition of evaporation by
exogenous means e.g. protective clothing (Cheung 2010b; Parsons 2014). Within this thesis, the population
considered are athletic individuals performing aerobic endurance exercise. This population do not typically wear
protective clothing, thus the individual work rate, and external heat stress are most pertinent.

Equation 2.1 The Heat Balance Equation (Parsons 2014)
S (W.m 2 ) = MHP ± W k ± R ± C ± K – E (W.m 2 )
Notes S = Rate of heat storage; MHP = Metabolic Heat Production; Wk = External Work; R = Radiative heat exchange; C
= Conductive heat exchange; K = Convective heat exchange; E = Evaporative heat exchange

A positive S indicates an increasing rate of heat storage. Under normal circumstances this is an undesirable
consequence of metabolism during exercise that becomes more pronounced as the external climate increases in
heat and or humidity. With reference to this thesis, a positive S can be a desirable outcome when individuals are
exposed to exercise in the heat as a means for elevating core temperature.
Metabolic heat production (MHP) can be quantified using direct calorimetry or measured indirectly using
oxygen uptake (VO2) and the respiratory exchange ratio (RER) of oxygen uptake and carbon dioxide production
(Parsons 2014). Owing to the positive linear relationship between external work (W k) and V O2, it can be
confidently assumed that as workload (running speed, power output, force of contraction) increases, the MHP
associated with that activity will also increase. Though MHP is also influenced by the RER of aerobic
metabolism, the greatest element of its calculation is the VO2 of a given individual at any one time, irrespective
of other descriptive characteristics (Jay et al. 2011; Cramer and Jay 2014; Deren et al. 2014; Smoljanic et al.
2014). It is noteworthy that external work can also be zero, or positive, where locomotion is not occurring from
isokinetic muscular contraction (Cheung 2010b), however the isometric force production will still generate MHP
(Deren et al. 2014). Locomotion in the absence of MHP (e.g. freewheeling a bicycle) will still influence S, with
R, C, K and E all affected by the movement of an individual.

The remaining factors within the heat balance equation relate to the external environment; Radiative heat
exchange (R) is a form of heat transfer whereby gain in the human body is achieved through a combination of
solar radiation, reflection from the ground and diffuse radiation from atmospheric molecules colliding (Cheung
2010b; Parsons 2014). The primary factor effecting radiation is the gradient between the body and the
environment, however within this dimension the composition of the ground and surrounding surfaces, shade and
cloud cover, time of day and year, altitude, posture, body surface area exposed and clothing worn are all capable
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of manipulation (Cheung 2010b). When experimental trials occur indoors, radiative heat exchange is minimal
and assumed equal.
Conduction (C) and convection (K) are interconnected due to their roles in heat exchange between media i.e.
solids (skin contact with cooler or warmer ground), fluids (e.g. rain or self-wetting), and gases (air currents
passing over the surface of the skin). As with radiative heat transfer, the gradient between the skin and the media
is of greatest relevance in determining the magnitude of heat transfer [e.g. hot skin (38°C) is cooled more
quickly by cold air (10°C) than hot air (40°C) assuming the same rate of air flow for convection, likely through
facilitation of evaporation]. The link between convection and evaporative heat loss has been evidenced in
athletes who typically self-generate greater convection, in comparison with those who do not, this is irrespective
of the body surface area of the individual (Deren et al. 2014). Additionally, those more resistant to heat stress,
i.e. following acclimation, demonstrate physiological changes to increase convective and conductive heat loss
both endogenously and exogenously. Increased blood plasma and cutaneous vasodilation the primary
mechanisms facilitating increased skin blood flow (Senay et al. 1976; Lorenzo and Minson 2010). The nature of
the media also influences the rate of heat transfer. Water is known to have a 27x great conductivity in
comparison with air, for instance 15°C air temperature is comfortable and heat storage towards optimal
thermoregulatory homeostasis is attainable, whereas 15°C water immersion is can rapidly induce hypothermia
(Cheung 2010b).

Evaporation (E) is the most effective method humans possess for losing heat and reducing core temperature and
thus offsetting the positive rate of heat storage (Gagnon et al. 2013). Evaporation is a complex process requiring
both dry heat exchange (radiative, conductive and convective) between tissue within the body i.e. blood flow
from the muscle and core delivering heat to the cutaneous anatomy and most importantly, wet heat exchange
(Cheung 2010b). Wet heat loss occurs as water (typically secreted sweat) evaporates off the skin eliciting a rate
of heat loss of ~2,400 W.L-1(Cheung 2010b). Though sweat losses have been identified as increasing
significantly following heat acclimation, only recently have increases in evaporative heat losses been quantified.
Data indicates an improvement in evaporative heat loss of 11% can be achieved following 14 days of heat
acclimation (90 min cycling at 50% V O2peak in 40°C and 20% RH (Poirier et al. 2015)). The water vapour
gradient between the skin and the environment governs this exchange. The potential for the air to “carry” water
is governed by an exponential relationship between water vapour, measured in kilopascals (kPa) and the
temperature (°C), whereby warmer air is able to retain a greater volume of water vapour (Cheung 2010b).
Relative humidity (RH) defines this, with a dry heat characterised by high rates of evaporation as a result of
lesser water vapour allowing greater cooling than wet humid conditions. In these conditions, ambient water
vapour is higher and the gradient for skin to air transfer of moisture narrow. Exercise in conditions of 40°C and
20% RH have a lower vapour pressure of 1.47 kPa in comparison to 30°C and 70% RH, where vapour pressure
is 2.97 kPa, thus maximal rates of evaporation are permissibly greater in the hotter ambient condition (Cheung
2010b). This change in ambient environment makes thermoregulation more achievable; albeit alongside a greater
risk of hypohydration should sweat requirements be prolonged. The generation of scales where heat and
humidity are combined (e.g. Humidex and Wet Globe Bulb Temperature) allow for a more appropriate
quantification of the external heat stress.
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Thermoregulation during exercise is challenged from the stable resting state due to increased metabolic heat
production as a result of external work being performed. If the metabolic heat production is low, and the external
environment favourable, then the core temperature may initially rise, due to a delay in the kinetics of heat loss,
but will then stabilise as heat dissipation occurs. As the exercise intensity increases a greater requirement for
heat loss, via evaporation, is required in the same external environment. The maximum rate of evaporative heat
loss is dictated by the environment and the individual’s sudomotor function (sweat capacity and efficiency)
which improves with acclimation (Cotter et al. 1997; Chinevere et al. 2008). Should MHP be ≤ E then given
time to account for the thermal kinetics to stabilise, heat storage will not increase. This is classed as compensable
heat stress. Negative heat storage, decreasing core temperature can only be achieved by reducing the workload
and metabolic heat production (a common form of behavioural thermoregulation), or by increasing the
convective air flow to exposed skin, allowing conductive heat loss perhaps through ice or cold metal, or reducing
the ambient temperature or humidity, the latter being unlikely in the real world, but possible within experimental
procedures.

2.2 ALLEVIATING NEGATIVE EFFECTS OF HEAT STRESS
2.2.1

Heat adaptation

Heat adaptation is a generic phrasing encompassing all changes undertaken by an organism to reduce the
negative effects of unfamiliar and undesirable increases in temperature. Heat adaptation describes a spectrum of
changes that follow acute and repeated heat exposure incorporating genotypic (changes within the genome) and
phenotypic (within an organism’s physiology) adaptations, alongside behavioural responses such as reduced
activity level or cessation of exercise.

2.2.2

Behavioural thermoregulation

Behavioural thermoregulation can be defined as conscious or subconscious control of homoeothermic behaviour
(Attia 1984). Initially identified as a conscious response to thermal stimuli, a more complex understanding of the
integrated role of neurophysiology, biology and thermal physiology is emerging (Flouris 2011). Simple
examples of behavioural thermoregulation are readily identified during rest and exercise (Nakamura et al. 2008).
When remaining static modifications such as adjusting orientation to the direction of the wind/sun and adjusting
the body position e.g. curling up, cuddling, and huddling to alter the surface/mass ratio each modify the rate of
heat exchange between the organism and the environment (Nakamura et al. 2008). Moving physical location can
also afford behavioural thermoregulation e.g. searching for sunny, dry, warm, wind-sheltered environments, and
avoidance of dangerous/hostile environmental temperatures (Nakamura et al. 2008). More complex and
developed mammalian behavioural thermoregulatory responses include building a nest, spreading fluid on the
skin to increase evaporative heat loss, the application of clothing, or implementing modern technology to change
the undesirable climate (Flouris 2011). Additionally, food consumption can be used to alter body temperature via
elevated metabolic rates and are thus, considered behavioural thermoregulatory responses (Székely and Szelényi
2005; Riddell 2008), which may impact upon athletic performance.
The human capacity to perform prolonged exercise is impaired in high ambient temperatures (Roelands et al.
2008). The likely mechanism for this is a cardiovascular derived inhibition, with a redirection of cardiac output
towards the skin for heat dissipation (Cheuvront et al. 2010). Reductions in physical work or effort prevent
excessive myocardial ischaemia or reduced cerebral blood flow induced syncope by limiting peripheral blood
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flow. This has been contrasted with the proposal of a central governor mechanism, whereby effort and physical
work is modulated by feed forward and feedback (Noakes and Marino 2007; Noakes and Marino 2009). Within
this model conscious or unconscious behavioural response is to lower or cease work rate in order to prevent the
body from reaching a thermal point of syncope. An integration of these models is proposed (Flouris 2011),
however this is rightly acknowledged as “incomplete” as it is known that some individuals, typically highly
trained competing athletes perform work for prolonged periods and at high rates of metabolic heat production
that heat syncope and heat stroke should become prevalent (Howe and Boden 2007). Central thermosensor
response has been observed during thermal stimulation in the medulla oblongata, pons, midbrain, the
orbitofrontal, the insular, and the somatosensory cortex as well as the amygdala (Craig et al.; Holmes et al. 1960;
Kanosue et al. 2002). Peripheral thermal sensing appears to be communicated via specific ion channels of the
transient receptor potential (Güler et al. 2002; Flouris 2011). Both the independent and shared neural sensation
centres involved in the autonomic and endocrinological thermoregulatory pathways, and behavioural
thermoregulation are displayed in Figure 2.1, which demonstrates the complex interaction that processes
peripheral and central thermosensor responses (Flouris 2011).

Figure 2.1 Neural thermosensation centres involved in autonomic/endocrine thermoregulation and behavioural
thermoregulation. PO/AH, preoptic area, and anterior hypothalamus (Flouris 2011).

Skin temperature appears to be the major modulator of behavioural thermoregulation, at least with regards to
thermal discomfort due to the greater influence on temperature perception (Cheng et al. 1995; Grahn et al. 1998).
A secondary element appears to be subconscious autonomic and endocrine mechanisms (Attia 1984), which are
more subtly related to thermal sensation (Flouris 2011). Thermal comfort is defined as a state of satisfaction with
the surrounding climate, while thermal sensation is the perception of a given peripheral stimulus resulting from
the stimulation of peripheral and central thermosensors (Flouris 2011). Irrespective of core temperature, thermal
comfort improves when the environment theoretically allows, even if not fully facilitating the return of body
temperature towards a physiological ‘normal’ level, but sensation levels remain unchanged (Gagge et al. 1967).
It is known thermal discomfort drives true behavioural thermoregulation, whilst thermal sensation initiates
autonomic and endocrinal thermoregulatory responses (Gagge et al. 1967; Taylor et al. 1995). Initiation of each
of these response pathways during exercise elicit behavioural responses to lower work rate (Tucker et al. 2004;
Tucker et al. 2006); this has been notably observed in participants cycling in the heat (~15 min), in spite no
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change in core temperature (Ravanelli et al. 2014). This behavioural pathway reducing exercise performance
occurs in the absence of modified core temperature, thus implicating skin temperature signals from peripheral
thermosensors more greatly than core temperature signals from central thermosensors (Romanovsky 2007). Core
temperature has a more significant subconscious control of autonomic and endocrine responses. Autonomic and
endocrine thermoregulatory responses are triggered when body temperature changes, typically by increasing
during exercise, because behavioural responses were inadequate, or could not be used due to conflicting
behavioural demands, such as training or competition (Cheung and Flouris 2009).
Evidence of behavioural thermoregulation was most eloquently described recently, requiring participants to
cycle at a self-paced intensity corresponding to an RPE of 16 in uncompensable conditions (liquid controlled suit
covering arms, trunk and legs - 55°C) (Schlader et al. 2011b). Data collected firstly demonstrated that despite no
differences in heart rate, mean skin and core temperatures, and similar whole body and local (neck) sweat rates
between trials, non-thermal cooling (8% menthol gel applied to the face dose = 0.5 g per 100 cm2 of skin) and
non-thermal warming (0.025% capsaicin cream applied to the face dose = 0.3 g per 100 cm2 of skin) elicited
thermal sensory and discomfort sensations similar to those observed during thermal cooling (fan ~ 0.5 m from
face blowing ~ 20 °C air at a speed of 0.74 m.s-1) and warming (fan ~ 0.5 m from face blowing ~ 45 °C air at a
speed of 0.29 m.s-1). With no physiological difference, participants performed more work in the cool fan
(223.2 ± 21.1 kJ) and menthol (228.7 ± 23.7 kJ) conditions, with less work performed in the warming fan
condition (160.0 ± 13.9 kJ). Additionally, the power in the first and final 3 minutes was equal between all
conditions further suggesting pacing had occurred. The authors concluded that changes in temperature are not a
requirement for the initiation of thermoregulatory behaviour in humans. Rather, thermal sensation and thermal
discomfort are capable behavioural controllers which modulate exercise (Schlader et al. 2011b). This conclusion
was later contrasted with data presented observing no difference following the utilisation of L-menthol
(Barwood et al. 2012) during a 40km cycle time trial in the heat (32°C, 50% RH). Despite L-Menthol spray
inducing feelings of coolness and improved thermal comfort before and during exercise, no differences existed
in the pacing strategy adopted by the trained cyclists, or the duration to complete the time trial. This contrast in
findings may be an artefact of the nature of the test implemented – e.g. fixed stimuli (RPE = 16) vs. performance
trial (40km TT), the application of the L-Menthol intervention (facial vs chest, and spray vs. gel) and differences
in environmental conditions (high vs. moderate external heat, and minimal vs. fast air flow). Further
investigation in this field is warranted.
For the purposes of this thesis, behavioural thermoregulation is considered a negative consequence of heat
exposure as avoidance of work, thermal strain and the desired ensuing adaptations, in favour of increased short
term thermal comfort is counterproductive to the augmentation of phenotypic adaptations and exercise
performance.

2.2.3

Heat acclimatization

Adaptive physiological or behavioural changes within an organism in response to their natural climate or
environment are known as acclimatization. Examples of this pertinent to this thesis include athletes or teams
undertaking research studies or training camps (Wyndham et al. 1968; Shvartz et al. 1972; Mitchell et al. 1976;
Senay et al. 1976; Bonner et al. 1976; Pandolf et al. 1977; Racinais et al. 2012a; Racinais et al. 2012b; Racinais
et al. 2014b; Racinais et al. 2014a) in warm weather outside of the UK (2013 summer average 15.2°C, range
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10.7-19.7°C) as a means for improving physiological markers ahead of competition in either hot or temperate
conditions (Corbett et al. 2014b).

2.2.4

Heat acclimation

Heat acclimation differs from acclimatization in that rather than adaptive characteristics being augmented in a
natural climate or environment, the stimuli for adaptation is artificially induced, typically via the increase in
ambient temperature and humidity within an enclosed chamber, during which individuals are required to
exercise.
Detailed analysis of published heat acclimation administration is discussed in more detail later, however it is
known that repeated exposure to stressful, but sub lethal thermal environments, induct a phenotypic adaptation
known as heat acclimation (Garrett et al. 2011). Procurement of the heat acclimation phenotype is most effective
when an interaction of exogenous variables including environmental conditions (temperature, humidity, radiant
heat) and physical work (intensity, duration and frequency) are combined to stress endogenous physiological
systems, in particular those associated with thermoregulation, sudomotor control and cardiovascular function.
Stress of these systems also define primary adaptations to heat acclimation (Table 2.2) with decreased core
temperature at rest and during exercise (Armstrong and Maresh 1991; Garrett et al. 2011), a lowering of the
thermoregulatory set point (Buono et al. 1998; Kampmann et al. 2008; Daanen et al. 2011) and reduced heat
storage via improved heat loss mechanisms (Aoyagi et al. 1997), increased sweating (Machado-Moreira et al.
2006; Lorenzo and Minson 2010) following increased sensitivity of the eccrine sweat glands (Martinez et al.
2012), altered sweat mineral composition (Chinevere et al. 2008), increased skin blood flow (Lorenzo and
Minson 2010) and cardiovascular adjustments (Frank et al. 2001), leading to decreased thermal strain and reduce
thermal sensation (Castle et al. 2011). Whilst these measurable changes can be, and typically are assessed
independently, heat acclimation elicits three primary systemic adaptations (Figure 2.2).

Figure 2.2 Primary phenotypic adaptive responses to repeated exercise heat stress
Heat acclimation (HA) is often categorised into short term (STHA) and long term (LTHA) induction periods.
LTHA comprising ≥10-14 daily exposures, gives complete adaptation where thermal comfort, and exercise
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performance are improved. STHA, typically ≤5 daily exposures offers rapid, but incomplete adaptation,
nevertheless still remains an effective tool used by practitioners for augmenting thermal tolerance and reducing
EHI before exposure to hot environments.

2.2.4.1

Optimising heat acclimation

Thermoregulatory adaptation occurs when heat stress repeatedly disturbs the internal homeostasis, thus
providing an adaptation impulse (Taylor 2014), see Figure 2.3. As an individual moves from rest to exercising,
integrated physiological mechanisms necessary to accommodate this greater metabolic demand are activated,
with the heart rate increasing exponentially to a level at which oxygen supply to the muscle matches metabolic
demand see Figure 2.4. A primary example is identified when exercising in a hot-dry and potentially hot-humid
environment, in these environments the physiological demands are further elevated as a requirement for heat
dissipation occurs, primarily at the skin where the blood begins to pool (Taylor 2014). The primary variables for
regulation are arterial and venous blood pressure, blood volume and plasma osmolarity, and mean body
temperature (Taylor 2014) see Figure 2.4. To aid heat transfer at the skin, sweating increases to dissipate heat via
evaporation, with the rate of sweating proportional to the external environment (or microenvironment such as
that within protective clothing). The same stimulus repeated elicits adaptation to attenuate internal heat strain,
facilitating a more rapid achievement of a steady state heat balance and with a progressively lower physiological
strain (Taylor 2014). It is known that hydration, substrate (carbohydrate) bioavailability, electrolyte or mineral
bioavailability, menstrual cycle variations, circadian rhythms, sleep deprivation, age and gender all influence the
circulatory and thermoregulatory responses to heat acclimation (Aoyagi et al. 1997). As such, these elements can
be controlled by researchers to accelerate adaptation, or determine mechanisms associated with heat adaptation
(Aoyagi et al. 1997).

Figure 2.3 Characteristics of physiological adaptation (Taylor 2014)
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Figure 2.4 An integrated overview of the homeostatic mechanisms and physiological responses accompanying
hot thermal challenges (Taylor 2014).

Heat acclimation develops through repeated heat exposures that are sufficiently stressful to elevate both core and
skin temperatures, both of which induce sweating (Regan et al. 1996; Taylor and Cotter 2006; Sawka et al.
2011). The magnitude of the biological adaptations induced by heat acclimation depends on the interaction
between intensity, duration, frequency and the number of heat exposures (Sawka et al. 2011).

2.2.4.1.1

Heat acclimation session duration

Classic heat acclimation models typically implement minimum daily heat exposures which are combined with
aerobic exercise of between 90 and 120 min in duration irrespective of the precise method used (Sawka et al.
2011). Considerable evidence exists for shorter protocols demonstrating adaptation (Garrett et al. 2011;
Chalmers et al. 2014). Typically, the physiological strain induced by the same exercise-heat stress condition (a
fixed model) decreases with each day of heat acclimation. During the initial acute exercise-heat exposure,
physiological strain is highest with gradual reductions as adaptations occur. Heart rate reductions develop in 4 to
5 days (STHA), whilst optimised sudomotor function (sweating) is observed in 12–14 days (LTHA), full
thermoregulatory benefits from heat acclimation are therefore, generally complete after LTHA ~14 days of
exposure (Sawka et al. 2011). Whilst heat adaptation is somewhat specific to the environment (hot/dry vs.
hot/wet) and exercise prescribed, adaptation to a hot/dry environment will improve tolerance to a hot/wet
environment and vice versa (Sawka et al. 2011).

2.2.4.1.2

Established time scales for heat acclimation

The adaptive effects of medium- to long-term heat acclimation (>8 – 12 days) have received much research
attention, historically as a means for determining maximal adaptation (Nielsen et al. 1993; Regan et al. 1996;
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Nielsen et al. 1997; Cheung and McLellan 1998; Patterson et al. 2004a). Recent reviews have considered the
application of short term heat acclimation (<5 days) (Garrett et al. 2011; Chalmers et al. 2014). Short term heat
acclimation is highly desirable, particularly when considering an athletic population for which training load is
already high, or may require delicate balancing prior to competition (Mujika et al. 2004; Spilsbury et al. 2014). It
is well established that the physiological responses before and after heat acclimation are dependent upon the
length of exposure to heat-stress conditions (Fox et al. 1963; Fox et al. 1964). Changes in heart rate and core
temperature appear to be augmented during short term and long term heat acclimation timescales, maintaining or
improving the heart rate and core temperature adaptation whilst eliciting greater sudomotor and haematological
responses (Armstrong and Maresh 1991; Aoyagi et al. 1997; Garrett et al. 2014; Chalmers et al. 2014).

2.2.5
2.2.5.1

Heat acclimation modes
Heat acclimation - passive models

Passive heat acclimation uses exogenous heat to raise core temperatures, with a minimal metabolic contribution.
Passive heating has been achieved through hot-water bathing (Turk and Thomas 1975; Bonner et al. 1976) and
by exposure to heated climate chambers, steam rooms and saunas, with and without occupational or regular
clothing (Fox et al. 1963; Ogawa et al. 1988; Scoon et al. 2007).
Passive heat acclimation elicits significant cardiovascular (Rowell et al. 1969a; Rowell et al. 1970) and thermal
strain (Fox et al. 1963; Fox et al. 1967; Inoue et al. 1995) in place of, but also before and after exercise to mimic
that of natural acclimatization (Taylor 2014). However the strain is less than exercise models (Figure 2.5), albeit
with the potential to elevate physiological strain significantly (Livingston et al. 2015). Whilst passive heat
acclimation techniques are beneficial (Scoon et al. 2007) the method is theoretically less effective than exercise
in the heat (Adolph 1969; Wyndham 1973; Shapiro et al. 1981), likely due to slight-moderate homeostatic
disturbance, so the overall adaptation stimuli remains small in comparison to exercise in an equivalent
environment and for equal duration (Taylor 2014). The most measurable difference between passive adaptation
and exercising adaptation appears to be plasma volume mediated decreases in heart rate (Shapiro et al. 1981) and
sudomotor responses (Bradbury et al. 1964).
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Figure 2.5 Mean cardiac output (A) and mean arterial pressure responses (B) during active and passive methods
of heating † denotes p < 0.05 versus baseline; * denotes p < 0.01, Active versus Passive; n = 9 for cardiac output
and mean arterial pressure. (Low et al. 2005)

Passive heating aided the development of isothermic methods of heat acclimation (Fox et al. 1963; Bradbury et
al. 1964). Elevation and clamping of core temperature (controlling hyperthermia) in a heated humid room (43°C)
induced a rapid core temperature rise, which preceded participants wearing vapour barrier suits to clamp core
temperatures (37.3°C, 37.9°C, and 38.5°C) over three exposure durations (30, 60, and 120 min). From this
research, a 60-min clamp at 38.5°C was recommended for attaining full heat acclimation (Fox et al. 1963). Later
research identified that a greater sudomotor response was evident during exercise at the target core temperatures
when this method had been utilised (Bradbury et al. 1964). It is known that blood flow distribution varies
between passive heating and hyperthermia during exercise as a result of varied cutaneous vasodilatation which
rationalises different adaptive mechanisms ultimately favouring an exercise model (Rowell et al. 1969a; Rowell
et al. 1970; Rowell 1974; Smolander et al. 1987).
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2.2.5.1.1

Heat acclimation - exercise models

It is proposed that, for exercise-induced heat acclimation to be most effective, athletes should employ the same
exercise mode in which they will compete (Taylor and Cotter 2006). However, the mode of ergometry does not
appear to effect the physiological response to heat acclimation, with adaptations occurring across
walking/running and cycling or rowing models demonstrating changes in the primary phenotypic adaptive
responses (Figure 2.2). It is likely that the optimal adaptive responses are achieved when acclimation and
competition ergometry is matched with the aforementioned observations relating to athletes, more pertinent for
maintaining training specificity rather than adaptive stimuli. Due to the increased cardiovascular strain of
exercise in the heat, and the requisite requirement for prolonged exposures, much of the heat acclimation
literature has implemented low to moderate intensity exercise, based upon a percentage of the individual’s
VO2max, or power at VO2max (~50% VO2peak (Nadel et al. 1974; Roberts et al. 1977; Kirwan et al. 1987; Houmard
et al. 1990; Aoyagi et al. 1994; Aoyagi et al. 1995; Sandström et al. 2008; Lorenzo et al. 2010; Amorim et al.
2011; Castle et al. 2011; Fujii et al. 2012; Hom et al. 2012; Burk et al. 2012; Flouris et al. 2014; Poirier et al.
2015); 44% peak work rate (Patterson et al. 2004a)). The challenges of implementing higher workloads have
been well evidenced, participants undertaking LTHA in 40°C and 10% R.H. could only sustain an exercise
intensity of 60% VO2peak for a period of 48 minutes for the initial exposure (Nielsen et al. 1993). Following
LTHA the same participants (Nielsen et al. 1993) sustained exercise for 80 minutes, a result of attenuated core
temperature and HR increases with the ongoing adaptation as exhaustion occurred at the same HR and core
temperature. Though considering acute exposures to exercise heat stress, it has been observed that implementing
workloads of 60% and 75% VO2max in 40°C and 50% R.H. achieves core temperature increases of ≥1.5°C in ~30
minutes (Périard et al. 2012b), albeit with participants approaching or at exhaustion. This data suggests higher
intensity exercise might be favourable for those who wish to implement an isothermic model of heat acclimation.
This application, whereby rest periods (~60 min) are implemented upon rapid attainment of a core temperature
of 38.5°C (Fox et al. 1963) remains effective for adaptation as fatigue would not terminate the
exposure/adaptation (Garrett et al. 2011; Garrett et al. 2012).
Competition specific methods are commonly implemented whereby the exercise prescription matches the nature
of the activity performed. This method has demonstrated effectiveness at improving sport specific running
capacity, although the mechanism would appear to be one modulated by improved thermal comfort, perhaps
inhibiting pre-acclimation pacing strategies in the heat (Tucker et al. 2004; Tucker et al. 2006), as the protocol
failed to elicit notable changes in the physiology of participants (Sunderland et al. 2008). The likely failure for
intermittent exercise to augment adaptations matching the success of continuous exercise, probably relates to the
average exercise intensity of the session and therefore, the average metabolic heat production. The high intensity
work is typically short in duration, which whilst momentarily eliciting high metabolic heat productions and
therefore, high increases in core temperature, the rest or low intensity exercise period of this method can fail to
elevate mean heat storage throughout the bout as greatly above heat losses as continuous exercise does. When
matched for average work intensity, greater thermal strain is found in intermittent sprint exercise, at which point
individual tolerance to work of this nature is pertinent towards the efficacy of this application (Nevill et al.
1995).

Page | 15

2.2.5.2

Comparison of passive and active heat acclimation methods

Few studies have compared passive and active heat acclimation. In an acute exposure, it has been demonstrated
(Low et al. 2005), that following passive heating in a water bath (41.56 ± 1.65°C) until core temperature was
equal to the core temperature at exhaustion during an active trial (cycled to exhaustion at 60% VO2max at 33°C)
(38.81 ± 0.53 at exhaustion during active heating and 38.82 ± 0.70°C at the end of passive heating), that core
temperature is matched by skin temperatures (Figure 2.6), with no difference in the rate of temperature increase
(time to target core temperature 64 ± 12 and 60 ± 33 min for the active and passive heating trials, respectively).

Figure 2.6 Mean core (A) and mean skin temperature responses (B) during active and passive methods of
heating † denotes p < 0.05 versus baseline; n = 11 for core temperature, n = 6 for mean skin temperature and n =
11 for thermal discomfort (Low et al. 2005)
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Notable differences were observed for cardiovascular measures, highlighting the increased stress of exercise in
hot, humid conditions in comparison to rest (Figure 2.5 and Figure 2.7) and thus the greater stimuli for
adaptation from both training and thermoregulatory perspectives.

Figure 2.7 Mean heart rate (A) and stroke volume responses (B) during active and passive methods of heating †
denotes p < 0.05 versus baseline; * denotes p < 0.01, Active versus Passive; n = 11 for heart rate and n= 9 for
stroke volume. (Low et al. 2005)

2.2.5.3

Active heat acclimation methods

Different heat acclimation methods utilising varied exercise prescription have been implemented within the field,
these can be predominantly categorised into self-regulated exercise (self-paced), fixed intensity (constant workrate methods), and isothermic modes (controlled hyperthermia) (Taylor 2000).

2.2.5.3.1

Self-regulated heat acclimation

Self-regulated methods require participants to select their own work rates on the basis of their level of physical
conditioning and perceived stress, i.e. RPE clamping of the acclimation sessions (Armstrong et al. 1986a;
Cheung 2010a; Garrett et al. 2011). This method has the greatest practical application as opposed to a research
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focus, with clear limitations in that it is difficult to determine that the same workload is placed upon all
participants in the study; the potential for daily variation in workload exists within a participant’s schedule. Selfregulated methods could however be implemented in conjunction with either fixed intensity, or isothermic
methods.

2.2.5.3.2

Fixed intensity heat acclimation

Fixed intensity heat acclimation is the most commonly used method historically, where researchers and
practitioners employ a constant work rate during heat acclimation (Taylor 2014) that offers a simple and
relatively well-controlled method for administering exercise-heat stress (Shvartz et al. 1972; Gonzalez et al.
1974; Nadel et al. 1974; Pandolf et al. 1977; Roberts et al. 1977; Kobayashi et al. 1980; Avellini et al. 1980;
Shapiro et al. 1981; Sawka et al. 1983a; Sawka et al. 1983b; Kirwan et al. 1987; Pandolf et al. 1988; Houmard et
al. 1990; Nielsen et al. 1993; Aoyagi et al. 1994; Aoyagi et al. 1995; Cheung and McLellan 1998; Buono et al.
1998; Gill and Sleivert 2001; Takeno et al. 2001; Saat et al. 2005; Kresfelder et al. 2006; McClung et al. 2008;
Chinevere et al. 2008; Cheuvront et al. 2008; Kampmann et al. 2008; Lorenzo et al. 2010; Lorenzo and Minson
2010; Lorenzo et al. 2011; Amorim et al. 2011; Castle et al. 2011; Daanen et al. 2011; Fujii et al. 2012; Hom et
al. 2012; Burk et al. 2012; Heled et al. 2012; Chen et al. 2013; Flouris et al. 2014; Poirier et al. 2015). A negative
aspect of the fixed intensity method is that it fails to respond to the on-going adaptation, thus the stimuli for
adaptation may diminish particularly as the timescale transitions from STHA to LTHA and the adaptation and
thus, tolerance to heat stress increases. Additionally, the relative load, typically a % of maximal oxygen uptake
placed upon participants (~50% and below anaerobic threshold) will be different as aerobic exercise
performance in the heat improves (Lorenzo et al. 2010). Variability in the absolute VO2 and metabolic heat
production and consequently, physiological strain and the adaptive responses may be different from the onset of
the intervention between participants, but also different between the initial and end sessions within a participant.
Table 2.3, Table 2.5 and Table 2.7 provide summaries of published fixed intensity heat acclimation protocols,
with mean adaptive responses calculated for the most commonly measured physiological markers of adaptation
(Figure 2.2) – a change in temperature (rest of during exercise), and reduction in heart rate (rest or maximal
exercise) and expansion of plasma volume. Due to a paucity of sudomotor data (onset, volume, rate) reported,
and varied methods for ensuring sudomotor adaptation this element has been excluded from Table 2.3, Table 2.5
and Table 2.7

2.2.5.3.3

Isothermic heat acclimation

In contrast to self-regulated and fixed intensity heat acclimation methods, isothermic heat acclimation (Fox et al.
1963; Regan et al. 1996; Cotter et al. 1997; Weller and Harrison 2001; Patterson et al. 2004b; Patterson et al.
2004a; Weller et al. 2007; Garrett et al. 2009; Magalhães et al. 2010b; Magalhães et al. 2010a; Garrett et al.
2012; Garrett et al. 2014) ensures equal thermal strain is placed upon participants within and between sessions
using a combination of active and passive methods (Taylor and Cotter 2006; Garrett et al. 2011). Isothermic heat
acclimation requires the elevation and maintenance of a steady-state internal body temperature, usually measured
as core temperature, above the sweating threshold, a crude marker of a large requirement for heat dissipation
using exercise. More precisely, a core temperature of 38.5°C is targeted using moderate to high exercise
intensities (active) with maintenance of the target core temperature achieved by low intensity exercise (active),
or even rest (passive). Isothermic methods, therefore suggest a more complete heat acclimation method as it is
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known the absence of a moderately elevated body temperature (+1°C), even when exercising is an inadequate
stimulus for adaptation (Hessemer et al. 1986). In comparison with the fixed intensity and self-regulated
methods, isothermic heat acclimation appears to afford more complete adaptation (Taylor 2000). The negative
aspects of this method appear allied to the exercise prescription, whereby the method is optimised by rapid
increases in core temperature achieved through moderate to high workloads which may be unsustainable for
some individuals. As adaptive mechanisms allied to heat dissipation are procured, a greater exercise load is
likely to be required to achieve the same internal temperature, potentially inhibiting the efficacy of this method
for populations such as athletes who aim to minimise normal training disruption (Garrett et al. 2011). Table 2.4,
Table 2.6 and Table 2.8 below provide a summary of published isothermic intensity heat acclimation protocols,
with mean adaptive responses calculated for key physiological markers – core temperature (rest of during
exercise), heart rate (rest or maximal exercise) and plasma volume changes (rest).
A summary of the changes in core temperature and heart rate between the methods is presented below (Table
2.1). From this summary it is apparent that during both STHA fixed methods elicit a larger magnitude of
adaptation than isothermic methods, although the rate of adaptation clearly decreases using fixed methods, where
as it is similar between STHA and LTHA in isothermic methods. The lower magnitude of adaptation in
isothermic methods is also likely an artefact of the calculation for the dose being relative to the entire exposure,
rather than just the periods exercising – an element that may be important when aiming to ensure maximal
adaptation for minimal work. A conservative estimate of a 50:50 split been active (work) and passive (rest)
exposure in the analysed isothermic data would double the rate of change for both core temperature (STHA and
LTHA) and heart rate (LTHA only). This would consequently demonstrate equal or greater adaptation for the
active element of heat acclimation. Insufficient data is available within these publication to describe at which
point, and by how much, the rate of adaptation diminishes using fixed methods. If this point is soon after the
STHA-LTHA boundary then it might be proposed that the sustained rate of adaptation from this point is optimal
in isothermic methods. At present no data is available comparing the magnitude of adaptation augmented by the
two methods following a direct comparison of the methods. The extent of adaptation, and data describing the
inherent differences in administration between these two distinct methods of acclimation, may also aid
practitioners in selecting the more effective method for their cohort.
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Table 2.1 Summary of changes to core temperature and heart rate following either fixed intensity, or isothermic
short term (STHA) and long term (LTHA) heat acclimation. Data summarised from studies cited in Tables 2.3 –
2.8.

Core Temperature (°C)

STHA

LTHA

Heart Rate (b.min-1)

STHA

LTHA

Absolute Change (units)

Rate of Change (∆.hr-1)

Fixed

-0.22 ± 0.04

-0.04 ± 0.02

Isothermic

-0.15 ± 0.05

-0.02 ± 0.01

Fixed

-0.37 ± 0.24

-0.03 ± 0.04

Isothermic

-0.25 ± 0.08

-0.02 ± 0.01

Fixed

-7.6 ± 3.9

-1.7 ± 1.4

Isothermic

-5.0 ± 0.7

-0.7 ± 0.4

Fixed

-14.2 ± 7.8

-1.0 ± 0.7

Isothermic

-9.0 ± 6.5

-0.6 ± 0.3

The sustained daily elevation of core temperature in isothermic heat acclimation, a key criteria for successful
heat acclimation has been elegantly presented by Taylor (Taylor and Cotter 2006) utilising the data of Pandolf
(Pandolf et al. 1977; Pandolf et al. 1988) in Figure 2.8. The sustained core temperature increases within the
isothermic data (B) contrasts with that of the fixed method (A) where diminished responses to the same work
rate and thermal load occur between day 1, 4, 8 and 12, of acclimation suggesting the stimuli for adaptation may
have decreased.

Figure 2.8 Core temperature responses to 12 days of heat acclimation utilising fixed methods (A – Steady-state
work rate and thermal load) in comparison to isothermic methods (B – Controlled hyperthermia) (Taylor and
Cotter 2006).

2.2.5.3.4

Progressive heat acclimation

Few studies have implemented a progressive heat acclimation method. The previously described work of Nielsen
(Nielsen et al. 1993), whereby participants indirectly increased their exposure by tolerating the exercise more
Page | 20

effectively thus prolonging the duration is perhaps the earliest reporting of progressive heat acclimation. This
model is akin to isothermic heat acclimation, whereby a target core temperature is achieved by physical work. To
date no research has demonstrated beneficial effects of targeting a core temperature greater than the long
established optimal threshold of 38.5°C (Fox et al. 1963; Bradbury et al. 1964), typically adopted for an
isothermic method (Fox et al. 1963; Regan et al. 1996; Cotter et al. 1997; Weller and Harrison 2001; Patterson et
al. 2004b; Patterson et al. 2004a; Weller et al. 2007; Garrett et al. 2009; Magalhães et al. 2010b; Magalhães et al.
2010a; Garrett et al. 2012; Garrett et al. 2014). Exercise intensity has been used previously to modulate the
exposure stimuli, (Burk et al. 2012; Chen et al. 2013), as has increasing the heat strain imposed by the
environment (Daanen et al. 2011) with beneficial effects towards exercise performance (Burk et al. 2012; Chen
et al. 2013), and markers of heat adaptation (Daanen et al. 2011). The beneficial effects of a progressive heat
acclimation model are yet to be fully elucidated, warranting further investigation into the efficacy of such
methods. It seems more logical that the progression should be based on directly increasing the internal heat
stress, by modifying the magnitude, duration at a fixed temperature, and frequency of stress, as opposed to the
external environment alone, which is not guaranteed to induce effective changes to core temperature in that same
way an isothermic progressive model might.

2.2.5.4

Frequency of heat acclimation sessions

A classical study identified that to optimise adaptation daily heat exposure is the most effective acclimation
strategy with minimal adaptation occurring from intermittent exposures (Gill and Sleivert 2001). Within the
study fourteen competitive rowers were randomly assigned to either a consecutive (10 consecutive days), or an
intermittent acclimation group (10 sessions over 21 days). For every heat exposure, subjects in each group
exercised for 30 min at 70% VO2peak in 38°C, 70% RH. Primary heat stress adaptations were measured with final
exercise core temperature decreasing significantly by 0.6 ± 0.7°C with intermittent heat exposure, but the
decrease was significantly larger (p < 0.05) with consecutive day heat exposure (1.0 ± 0.1°C). Final exercise HR
also decreased significantly by 13 ± 12 b.min-1 (p < 0.05) in the consecutive group, with no difference observed
in the intermittent group -5 ± 13 b.min-1. Similarly, skin temperature significantly decreased with consecutive
(0.4 ± 0.2°C, p < 0.05), but not intermittent exposure (0.2 ± 0.3 °C).
A theoretical model of the adaptation stimulus has been presented (Gill and Sleivert 2001), with authors
proposing that intermittent exposures fail to stimulate adaptive pathways continually, and potentially initiate a
decay not possible with daily exposures, see Figure 2.9. It is yet to be fully elucidated whether twice daily
exposures would accelerate the consecutive day adaptations offering a more intense, but rapid stimulus for
adaptation.
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Figure 2.9 Theoretical accumulation and decay of heat acclimation using intermittent (top) or daily (bottom)
acclimation protocols (Gill and Sleivert 2001)

2.2.6

Induction and decay of heat acclimation

The rate of heat acclimation induction follows an exponential path, with complete physiological adaptation
occurring after ~7–10 days. A rapid initial adaptation (75%) is however successfully augmented after ~4–6 days
(Pandolf 1998). The physiological systems associated with heat acclimation occur at different rates. The heart
rate and plasma volume changes occurring first (3-6 days) (Armstrong and Maresh 1991), followed by the
reduction in core temperature after ~7 days (Weller et al. 2007), and the adjustments in sweat rate and
composition adapting last (Cotter et al. 1997).
The widely accepted heat acclimation decay rates indicate that for every 2 days spent without heat stress, one
day (90-100 min session) of accumulated heat acclimation is lost (Givoni and Goldman 1972). It appears a
physiological acclimation memory exists whereby adaptive pathways can augment a rapid reinduction of the
physiological phenotype. This appears to be underpinned by cellular adaptations and reacclimation associated
epigenetics (Horowitz 2014). DNA analyses highlight the divergence between the rapidly deacclimating
physiological phenotype and relatively stable genotypic responses (Tetievsky et al. 2008; Tetievsky et al. 2014).
Additionally, reacclimation of the heart is more rapid at a cellular level, in comparison to observable differences
in measured cardiac adaptations (Cohen et al. 2001). Despite the return of the physiological heat acclimation
phenotype to a preacclimated physiological state, certain gene clusters remained in an active transcriptional state
throughout the entire deacclimation – reacclimaton period (Tetievsky et al. 2008). This dichotomy between
physiological phenotypic state, and cellular memory suggests that acclimation induces long lasting
transcriptional changes which favourably predispose individuals who have undergone an initial heat acclimation
regime to reacclimate more rapidly (Horowitz 2014).
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It is well established that after 18 days of heat acclimation decay, rapid reacclimation can be gained (within 2
days (Pandolf et al. 1977; Weller et al. 2007)). In addition to the 2 days without exposure losing 1 day of gained
acclimation (Givoni and Goldman 1972), an approximate rule for reinduction established is that one additional
heat acclimation session is required for each 5 days spent without heat stress (Taylor 2000). An eloquent
research design (Weller et al. 2007), utilising a unique fixed, then isothermic, model of heat acclimation to
determine physiological responses then optimise adaptation was implemented in very hot conditions (46.1 ±
0.1°C; RH 17.9 ± 0.1%). Participants performed 10 daily heat stress tests (acclimation sessions) to induct the
heat acclimation phenotype. During Exercise 1 (part 1 of the heat stress test; 60 min) participants walked at a
fixed speed and incline. Following Exercise 1 a 10 minute rest period preceded Exercise 2 (part 2 of the heat
stress test; 40 min). Exercise 2 implemented an isothermic model (target Core temperature = 38.5°C). Seven heat
stress tests were performed after a 12 and 26 day period to determine the first the extent of the heat acclimation
decay, then to determine the duration required to reinduct heat acclimation. Heat acclimation was achieved
within 7 days, as there were no further changes in core temperature (rest and following exercise 1), skin
temperature (following exercise 1), heart rate (following exercise 1), and sweat losses (during exercise 1) on
subsequent heat acclimation days (Weller et al. 2007). This most recent observation is consistent with the
expected classical time course of heat acclimation (Armstrong and Maresh 1991; Pandolf 1998). The described
study (Weller et al. 2007) reported a non-significant decay in core temperature, and significant decay in skin
temperature, heart rate and sweating observed after 12 and 26 days. This was also in line with classical
observations in the field (Pandolf et al. 1977) and other research utilising longer term acclimation (14 days
cycling at 60% VO2peak in 31°C 70%) and a 14 day decay period of cool exposures (Saat et al. 2005).
This body of work identifies that after 10-14 heat acclimation sessions and ~2 weeks of deacclimation the core
temperature decay is consistent i.e. 15% (Weller et al. 2007), 18% (Pandolf et al. 1977), and 22% (Saat et al.
2005). This consistency is also apparent in heart rate i.e. 20% (Pandolf et al. 1977), 26% (Saat et al. 2005) and
33% (Weller et al. 2007). A non-standard decay was observed utilising working miners whereby the decay in
acclimated core temperature reduced by 35% and heart rate by 87% (Williams et al. 1967). This difference may
be a result of seasonal differences, pre-acclimation state, a field based study and limited controls over participant
data.
Complete reacclimation within the study of Weller et al., (2007) was attained after just 2 and 4 days of reexposure to heat following 12 and 26 days heat acclimation decay periods, respectively, however system specific
differences were observed with a similar ordering to that of the initial induction period. After 12 and 26 days
small differences were observed in core temperature thus only a single session was required to return the
achieved changes in acclimation to that initially procured (at rest and following Exercise 1). A single session was
also required to reacclimate skin temperature after 12 days decay, however three days were required following
26 days decay. Heart rate (following Exercise 1) required two sessions to initiate reacclimation following both
12 and 26 days decay. Sweat losses, the slowest adaptation also took the most sessions to regain acclimation
state, 12 days of decay required two sessions to regain adaptations whilst four sessions were required following
the 26 days decay. The authors considered physiological significance of the decay, in particular skin temperature
and sweat losses proposing that 4 days of RA are required after 26 days without exposure to heat stress may even
be overly cautious.
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In the context of this thesis, and the experimental chapters that follow, it appears that the adaptations gained
from heat acclimation are prolonged, and long lasting. The decay in adaptations are relatively slow, thus
adaptations which may transfer to hypoxia should be observed within a window lasting 1-12 days after the final
exposure.

2.3 PHYSIOLOGICAL ADAPTATIONS TO HEAT STRESS
Adaptations to heat acclimation are explicitly linked to the physiological system under thermoregulatory,
physiological and/or cellular stress. It is therefore, difficult to isolate adaptation to a single organ, rather the most
effective way to describe changes in acclimation state is by explaining the manifested adaptation, then explore
the mechanism(s) underpinning the positive effects of the intervention. Table 2.2 presents measurable
physiological, cellular and performance adaptations to heat acclimation are grouped in accordance with the
reviews of Sawka (2011) and Yamazaki (2012).
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Table 2.2 Typical measured adaptations to heat acclimation (Sawka et al. 2011; Yamazaki 2012)
Phenotypic Adaptations to Heat Acclimation
Temperature
Core temperature at rest
Core temperature during exercise
Rate of core temperature increase
Skin Temperature

Direction
Decreases
Decreases
Attenuated
Decreases

Fluid Balance
Electrolyte Loss
Total Body Water
Plasma Volume

Decreases
Increases
Increased volume & regulation improved
Cardiovascular Adaptations

Cardiac Output
Heart Rate
Stroke Volume
Blood Pressure
Myocardial Compliance
Myocardial Efficiency
Skin Blood Flow

Improved maintenance
Decreases
Increases
Regulation improved
Increases
Increases
Increases
Sudomotor Function

Sweat rate
Sweat set point
Electrolyte Concentration

Increases
Decreases
Decreases
Metabolic

Muscle Glycogen

Spared

Cellular/Molecular Adaptations
Heat Shock Proteins
Acquired Thermal Tolerance
Cardioprotection
Exercise Performance
Maximal Oxygen Uptake
Lactate Threshold
Oxygen Uptake at given power
Muscle and Blood Lactate at given power
Skeletal muscle force generation

Increases
Increases
Increases
Increases
Increases
Decreases
Decreases
Increases

Perception of Heat Stress
Perceived Exertion
Thermal Sensation/Comfort
Thirst Sensation

2.3.1
2.3.1.1

Decreases
Decreases
Improved

Temperature adaptations from heat acclimation
Core temperature

The primary thermoregulatory adaptation to heat exposure is a decreased core temperature at rest and during
exercise (Armstrong and Maresh 1991; Garrett et al. 2011). Reductions in core temperature afford individuals
subsequently performing physical exertion in hot and/or humid conditions a greater magnitude of temperature
increase before thresholds associated with heat illness are surpassed and/or work rate either diminishes, or
require cessation. Additionally the core-skin temperature gradient is preserved maintaining skin blood flow for
dissipation of heat to the environment.
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Data published measuring core temperature responses suggests a reduction in core temperature of -0.3°C is
achievable during heat acclimation (Table 2.3 and 2.4). The greatest achievable absolute reduction in
temperature appears to be -0.8-1.0°C (Pandolf et al. 1977; Gill and Sleivert 2001), though this is at an extreme
upper end of the spectrum, falling outside of the mean ± SD (-0.3 ± 0.2°C) of the published data (Table 2.1).
This reduction is better expressed relative to the acclimation dose (i.e. change per hour of intervention) thus
accounting for differences in the number and duration of sessions i.e. STHA vs LTHA. A revised expectation of
-0.03°C per hour of acclimation is attainable. When discussing rates of adaptation it is interesting to observe that
no difference appears to exist between young (-0.02°C.hr-1) and older males (-0.02°C.hr-1) (Pandolf et al. 1988).
The change in core temperature is likely proportional to the baseline value, whereby a higher core temperature
allows a greater “window” for adaptation. Two experiments have highlighted experimental differences which
may initiate greater core temperature changes (Petersen et al. 2010; Garrett et al. 2014). Dehydration appears to
enhance the core temperature changes to short term heat acclimation in comparison to ad libitum hydration (0.04°C.hr-1 vs. -0.02°C.hr-1) (Garrett et al. 2014). In comparison to the mean rate of core temperature change
across the literature (-0.03°C) intermittent sprint training (4 days of 45 min in 30 °C 64% (Petersen et al. 2010))
appears to greatly accelerate the change in core temperature (-0.08°C), this is likely due to the high intensity of
work, with associated greater metabolic heat production. It was also during steady state exercise at high
intensities (30 min at 70%VO2peak) that the greatest absolute change (-1.0°C), and rate of decrease (-0.1°C.hr-1) in
core temperature has been made (Gill and Sleivert 2001). The application of this administration may be limited
to highly trained individuals due to the exercise demands.
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Table 2.3 Summary of core temperature adaptations following fixed intensity heat acclimation studies

(Castle et al. 2011)
(Cheung and McLellan
1998)
(Chinevere et al. 2008)
(Daanen et al. 2011)
(Fujii et al. 2012)
(Gill and Sleivert
2001)
(Heled et al. 2012)
(Hom et al. 2012)
(Houmard et al. 1990)
(Houmard et al. 1990)
(Kampmann et al.
2008)
(Lorenzo et al. 2010)
(McClung et al. 2008)
(Pandolf et al. 1988)
Young Participants
(Pandolf et al. 1988)
Old Participants
(Pandolf et al. 1977)
(Poirier et al. 2015)
(Saat et al. 2005)
(Saat et al. 2005)
(Sawka et al. 1983a)
(Shvartz et al. 1972)

FIXED
FIXED
(Walking)
FIXED
FIXED
(58%)
FIXED
(70%)
FIXED
(30%)
FIXED
(50%)
FIXED
(50%)
FIXED
(75%)
FIXED
(Walking)
FIXED
(50%)
FIXED
(Walking)
FIXED
(Walking)
FIXED
(Walking)
FIXED
(Walking)
FIXED
(50%)
FIXED
(60%)
FIXED
(60%)
FIXED
(Walking)
FIXED
(Walking)
FIXED
(60%)

Trec Dose
(∆.hr-1)

(Burk et al. 2012)

Ex Duration
(min)

(Buono et al. 1998)

100

-0.45

-0.02

600

60

-0.10

-0.01

120

840

100

-0.30

-0.02

10

110

1100

100

-0.20

-0.01

52

10

60

600

60

-0.40

-0.04

40

30

12

60

720

60

-0.07

-0.01

45

20

10

100

1000

100

-0.40

-0.02

50

Humidity
(%)

9

42.5

25.9

8

36

9

35

21

Duration
(min)

(Avellini et al. 1980)

FIXED
(56%)
FIXED
FIXED
(1.2L.min-1)
FIXED
(57.5%)
FIXED
(50%)

∆ Trec
(°C)

Temp
(°C)

Sessions

(Amorim et al. 2011)

HA Method

Participants

Citation

Dose
(min)

10

115

1150

10

60

75

7

42

18

8

33

15
8
15

32

10

37

9

120

1080

120

-0.50

-0.03

6

120

720

90

-0.20

-0.02

7

38

70

10

30

300

30

-1.00

-0.20

8

40

40

12

120

1440

120

-0.24

-0.01

11

33

40

11

90

990

90

-0.30

-0.02

9

40

27

7

60

420

60

-0.20

-0.03

9

40

27

7

35

245

35

-0.20

-0.05

8

33.5

15

120

1800

120

-0.20

-0.01

12

40

30

10

100

1000

90

-0.50

-0.03

8

49

20

10

100

1000

87

-0.55

-0.03

9

49

20

10

110

1100

100

-0.20

-0.01

9

49

20

10

110

1100

100

-0.20

-0.01

24

49

20

9

110

990

100

-0.80

-0.05

10

40

20

14

90

1260

90

-0.31

-0.01

16

31

70

14

60

840

60

-0.46

-0.03

16

31

70

14

60

840

60

-0.64

-0.05

10

100

1000

-0.19

-0.01

6
7

40

20

4

50

200

50

-0.20

-0.06

5

30

50

10

70

700

60

-0.10

-0.01

MEAN

10

39

35

10

84

815

78

-0.34

-0.03

SD

5

6

17

3

29

365

26

0.22

0.04

MAX

24

49

75

15

120

1800

120

-0.07

0.00

MIN

5

28

10

4

30

175

30

-1.00

-0.20

(Takeno et al. 2001)

Notes: Dose is calculated based upon the number of sessions multiplied by the duration of each session. Doses for Trec are
calculated based upon the change per hour of exposure. ∆ reflects a pre to post acclimation change in the given variable.
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Table 2.4 Summary of core temperature adaptations to isothermic heat acclimation studies

(Magalhães et al. 2010a)
(Patterson et al. 2004b)
(Patterson et al. 2004b)
(Patterson et al. 2004a)
(Patterson et al. 2004a)
(Patterson et al. 2014)
(Regan et al. 1996)
(Weller and Harrison
2001)
(Weller et al. 2007)
MEAN
SD
MAX
MIN

Trec Dose
(∆.hr-1)

(Magalhães et al. 2010b)

Ex Duration
(min)

(Garrett et al. 2012)

120

-0.19

-0.01

450

58

-0.10

-0.01

90

450

55

-0.20

-0.03

5

90

450

60

0.00

0.00

60

5

90

450

60

-0.15

-0.02

40

45

11

60

660

60

-0.25

-0.02

6

40

45

13

60

780

60

-0.12

-0.01

11

39.8

59.2

14

90

1260

59

-0.32

-0.02

11

39.8

59.2

8

90

720

60

-0.20

-0.02

12

39.8

59.2

8

90

720

59

-0.20

-0.02

12

39.8

59.2

14

90

1260

60

-0.32

-0.02

8

39.8

59.2

17

90

1530

60

-0.30

-0.01

7

38

40

10

60

600

60

-0.40

-0.04

10

35

18

10

70

700

40

-0.20

-0.02

16

46

18

10

110

1100

110

-0.25

-0.01

10
3
18
6

39.9
2.2
46.0
35.0

53.8
18.9
100.0
18.0

9.4
3.7
17.0
5.0

85
17
120
60

797
358
1530
420

66
20
120
40

-0.21
0.10
0.00
-0.40

-0.02
0.01
0.00
-0.04

Humidity
(%)

18

43

100

9

40

60

9

40

10

Duration
(min)

(Garrett et al. 2014)
DEH
(Garrett et al. 2014)
HYD
(Garrett et al. 2009)

ISO
(38.5°C)
ISO
(38.5°C)
ISO
(38.5°C)
ISO
(38.5°C)
ISO
(38.5°C)
ISO
(+1°C)
ISO
(+1°C)
ISO
(38.5°C)
ISO
(38.5°C)
ISO
(38.5°C)
ISO
(38.5°C)
ISO
(38.5°C)
ISO
(+1°C)
ISO
(38.5°C)
ISO
(38.5°C)

∆ Trec
(°C)

Temp
(°C)

Sessions

(Fox et al. 1963)

HA
Method

Participants

Citation

Dose
(min)

10

120

1200

5

90

60

5

39.5

60

8

39.5

9

Notes: Dose is calculated based upon the number of sessions multiplied by the duration of each session. Doses for Trec are
calculated based upon the change per hour of exposure. ∆ reflects a pre to post acclimation change in the given variable.

Core temperature is an important thermal physiological measurement to estimate input to thermoregulatory
control, or to estimate average internal temperature to compute changes in heat storage to implement
interventions such as heat acclimation successfully, whilst monitoring participant safety (Sawka et al. 1995).
Core temperature is dependent on the local metabolic rate of the surrounding tissues, the source and magnitude
of local blood flow, and the temperature gradients between contiguous body regions. As such, the choice of
measurement site to determine the core is critical and influenced by the nature of the activity performed in hot
and/or humid conditions.
At rest internal organs and viscera within the core produce ~70% of the metabolic heat (Sawka et al. 2011).
During exercise skeletal muscle becomes responsible for ~90% of metabolic heat production which is
additionally increased (Sawka et al. 2011). Because of the changes in the region generating the greatest
proportion of metabolic heat sources as transition from rest to exercise occurs, disproportionate relative changes
in temperature occur e.g. at rest in a temperate environment, skeletal muscle temperature (33-35°C is lower than
core temperature (37°C); upon commencement of exercise muscle temperature (38-40°C) commonly exceeds
core temperature (Saltin et al. 1968; Kenny et al. 2003). Core temperature is routinely measured in the
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oesophagus, rectum, gastrointestinal tract, tympanum and auditory canal with convenience and protocol specific
reasons for different measurement sites are discussed later (Sawka et al. 2011).

2.3.1.1.1

Measurement of Core Temperature

The thermal gradient between two objects or environments dictates the rate of heat transfer. This theory
underpins the maintenance, change, and subsequent measurement of core temperature at rest and during exercise.
This theory has been effectively demonstrated using pre-cooling, pre-heating and controls prior to exercise in the
heat (Booth et al. 2004). Exercise-heat stress causes muscle temperatures to converge on a common point despite
pre-exposure interventions eliciting muscle (vastus lateralis) temperature differences of 7.5°C (Booth et al.
2004). Pre-cooled tissue has been shown to gain heat six times faster than pre-heated muscle (0.23°C.min-1
versus 0.04°C.min-1 respectively) (Booth et al. 2004). This convergence is also reflected in the oesophageal
temperature increases (0-20 min: 0.09°C.min-1 versus 0.03°C.min-1), demonstrating cooling and heating only
modify the rate of heat transfer (Booth et al. 2004). The rate of heat transfer within human participants does
however vary depending on the compartment under consideration, as demonstrated by the different absolute
rates of temperature increase between muscle and oesophageal sites (Taylor et al. 2014b). The concept of
compartmentalising body tissues into thermally stable, deep-body (core) and more variable superficial (shell)
structures is well established (Burton 1935; Taylor et al. 2014b). With regards to this thesis, thermal
equilibration of the core temperature is most relevant with forthcoming discussion of the optimal methods to
measure core temperature. Core temperature is however modulated by the transfer of heat from external and
internal sources, with conductive and convective pathways forming much of the mechanistic difference between
sites. The first principles of thermodynamics underpin this (Taylor et al. 2014b).
In basal conditions, core tissues are in a state of thermal equilibrium at a given time of day. This is an
endogenous equilibrium that is not necessarily in equilibrium with the external/exogneous ambient environment.
As the exogenous environment may differ significantly, the core equilibrium is facilitated by autonomic and
behavioural responses (Taylor et al. 2014b). Hypothetically, all “core” sites should all be at a similar
temperature. In practice, they do not have an equal temperature (Bazett et al. 1948; Eichna et al. 1951). Core
temperature sites are individually insulated from the ambient environment by less thermally stable tissues that
exchange heat with that environment. Temperature gradients exist within and among the deep and superficial
tissues to maintain temperature by the aforementioned autonomic and behavioural responses (Taylor et al.
2014b). Particularly important to this thesis is the appreciation that thermal gradients are essential for not only
heat gain to target hyperthermia for heat adaptation, but heat loss to mitigate heat injury and reduce
physiological strain.
Early research suggested that the mean core temperature is 37°C (Taylor et al. 2014b). Dependent on the
measured site, and the aforementioned factors influencing that site, a range of resting core temperatures exist
from ~36.4-37.2°C (Taylor et al. 2014b). Initially the rectum was deemed to be the hottest core temperature site
(Pembrey 1898; Haldane 1905; Horvath 1950; Eichna et al. 1951) however more sophisticated measurement
techniques have subsequently determined gastrointestinal (Kolka et al. 1997; Lee et al. 2000; McKenzie and
Osgood 2004; Gant et al. 2006; Easton et al. 2007; Pearson et al. 2012) and brain (Hayward et al. 1966; Shiraki
et al. 1988; Mellergård 1994) temperatures to exceed that of the rectum, the latter a noteworthy development
with regards to clinical and neurocognitive analysis of hyperthermia.
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Core temperature is directly measured by positioning sensors within, or in contact with, deep-body structures
prior to exercise heat stress, or can be obtained indirectly by placement of a sensor adjacent to the measurement
site. Optimal location for monitoring core temperature is distal to systemic organs (including skeletal muscle)
due to the high metabolic rates (e.g. brain, liver, heart, kidneys) of these the primary heat sources (Taylor et al.
2014b), unless of course the organ temperature in question is of experimental or clinical interest. Most
appropriate sites are those which act as short-term heat “sinks” (e.g. bone, adipose, skin), storing heat during
states of altered heat balance e.g. exercise heat stress. Heat sinks, are subjected to individualised blood flow and
the inter-tissue redistribution of thermal energy throughout the body via convective and conductive mechanisms
thus observing changing temperature. However, this is to a lesser extent than the aforementioned active tissue
which has high metabolic rates. During exercise, skeletal muscle metabolism and consequently metabolic heat
production is elevated, augmenting the distribution of both blood flow and thermal energy (Saltin et al. 1998),
potentially influencing the target site for measurement e.g. measuring oesophageal temperature at a site close to
the heart, or rectal temperature where quadriceps, hamstrings and gluteal muscles generate heat for locomotion.
Different steady state temperatures have been observed across body regions making consistent selection of the
measured core temperature site fundamental. A combination of tissue conduction, local metabolism and local
blood flow influence this, despite differences in metabolic heat production and removal capability. Data supports
the observation that two sites in relative close proximity will differ greatly in temperature unless they are
perfused by the same blood vessels and have the same metabolic rate (Taylor et al. 2014b), selection of the
optimal site for core temperature measurement during exercise heat stress follows. Thermal equilibration
requires time in thermoneutral conditions, the whole-body equilibration time for resting (seated) individuals
requires a minimum of 30 min (Cranston et al. 1954; Vallerand et al. 1992), during which deep-body
temperatures approach stability assuming no significant changes to heat balance have occured. Upon stability, it
has been observed that no fixed temperature set-point exists (Mekjavic and Eiken 2006; Taylor et al. 2008). A
measured core temperature is the result of a continuous balance between heat transfer and the autonomic
regulatory processes (Taylor et al. 2008) modulated by differences in feedback and thermoeffector activation, in
combination with variations in body dimensions, specific mass, thermal conductivity, specific heat capacity and
diurnal fluctuations in heat production and exchange (Taylor et al. 2014b). Chronic neural disturbances e.g. heat
acclimation/acclimatization can modify the normal temperature distribution among and within the deep tissues.
As previously discussed, lower basal, deep-body temperatures are also observed in endurance-trained (Holmgren
et al. 1960; Shvartz et al. 1974; Baum et al. 1976) and heat-adapted individuals (Ladell 1951; Aoyagi et al. 1997;
Buono et al. 1998; Patterson et al. 2004a; Taylor and Cotter 2006; Garrett et al. 2011; Sawka et al. 2011;
Chalmers et al. 2014; Guy et al. 2014). Those variations have been identified as being smaller (0.3-0.4°C) and
are hypothesised to be due to reduced body heat storage (Taylor et al. 2014b). Heat storage is known to vary
inversely with heat loss, thus elevated resting cutaneous blood flow lowers the mean body temperature at rest
(Taylor et al. 2008). During exercise, a lower mean body temperature threshold for sweating, as well as an
elevated sudomotor sensitivity and peak sweat flows, combine to increase heat dissipation and lower body
temperature at a fixed work rates post vs pre adaptation (Taylor et al. 2008; Kenny and Jay 2013; Taylor et al.
2014b). Postural variations have also been described, with liver, rectal, sublingual, gastric and tympanic
temperatures all rising when moving from supine to standing rest, and decreasing when reclining (Cranston et al.
1954; Graf 1959; Ogawa et al. 1993), although these changes are not necessarily observed during exercise they
have distinct implications for the consistent application of rest phases when using isothermic heat acclimation.
During continuous upright cycling (70 min) higher auditory-canal temperatures relative to similar supine
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exercise are observed, whilst rectal temperatures were lower (Greenleaf and Castle 1972). Apart from this interindividual variation which is further exaggerated between sexes, most deep-body temperatures undergo
significant (±0.4°C) changes throughout a 24hr cycle Figure 2.10, in correlation with the hormone melotonin
(Rajaratnam and Arendt 2001). The balance between local metabolism and tissue conduction determines local
tissue temperatures, cumulative local tissue temperature subsequently determines core temperature. This further
evidences blood flow (convective transfer; most commonly a shift of blood to the skin) as predominantly
dictating the ability to balance heat storage as the physical element conduction will not vary internally; although
the rate of conduction will change based upon the temperature gradient.

Figure 2.10 Circadian rhythm of plasma melotonin and core body temperature, from human beings held in
constant routine conditions (i.e. controlled light, posture, activity, and meals). Dotted line denotes peak
melotonin (high) and temperature (low) which occur within 1 hour of each other.

2.3.1.1.1.1

Blood temperature measurement

It has been suggested that the intra-cardiac temperature (Eichna et al. 1951) and pulmonary arterial blood (Bligh
1957) provide a good indication of the average temperature of the body core. Based upon proximity alone this is
difficult to refute, although in practise the sophisticated and invasive procedures required to measure core
temperature at this site commonly make it impractical, particularly during intense physical exercise where
instrumentation, and also the safety of a participant is compromised. The cardiac mixing of blood means the
temperature of the blood leaving the left ventricle is close to that encountered by deep-body tissue, and the time
constant for dynamic thermal changes at those sites is only a function of local blood flow. Within metabolically
active organs, blood is a physiological coolant when at a lower temperature, increasing in temperature as it
removes heat from the organ. A clear example of this is the ~0.3°C difference in carotid arterial and jugular
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venous vein at rest and during exercise (Baker et al. 1972; Nybo et al. 2002) and in the liver (Graf 1959). This
removal of heat from metabolic organs allows the efficient transfer of heat energy to the limbs, in particular the
distal appendages, the hands and feet, where structural anatomy, notably a large surface area and vast
capillarisation optimise heat dissipation and balance heat storage (Taylor et al. 2014a). Femoral artery – venous
differences (-0.3°C) in blood temperature evidence this ability to dissipate similar heat energy as production
(Taylor et al. 2014b).

2.3.1.1.1.2

Oesophageal temperature measurement

The oesophagus is an excellent site for the measurement of core temperature due to the relative ease of
instrumentation (in willing participants), a low heat capacity and proximity to a number of major blood vessels
(thoracic aorta, left common carotid, right pulmonary arteries, superior vena cava; (Martini 2003) make the site
sensitive to rapid changes in temperature due to a predominantly convective transfer of heat (see Figure 2.11).
Standardisation of oesophageal temperature measurement depth (either absolutely to a depth of ~40 cm, or
relative to stature – 25% standing stature (Brengelmann et al. 1979; Mekjavić and Rempel 1990) is required as
the high regions are prone to the influence of ventilatory heat exchange (Nielsen and Nielsen 1962; Whitby and
Dunkin 1969; Jaeger et al. 1980). It has been eloquently demonstrated that at the level of the carina, temperatures
can be >1°C cooler than within the lower third of the oesophagus particularly when breathing cold air (Jaeger et
al. 1980). In its lower-third (fifth-tenth thoracic vertebrae), vascular exchanges dominate (Cooper and Kenyon
1957; Whitby and Dunkin 1968; Whitby and Dunkin 1971; Mekjavić and Rempel 1990), and oesophageal
temperature is stable and independent of the inspired-air temperature even at -40°C: (Jaeger et al. 1980). Due to
the association with the gut oesophageal temperature is sensitive to swallowing and drinking invalidating its use
for some applications.

Figure 2.11 Vasculature influencing oesophageal temperature. Note close proximity of aorta and pulmonary
arteries and veins (Gray 2000).
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The thermal responsiveness of the oesophagus relative to central blood temperature (80-s time delay: (Shiraki et
al. 1988)) demonstrates that it has not simultaneously equilibrated with poorly perfused deep-body tissues or
tissues more distant from major blood vessels. Therefore, this index is unable to provide information concerning
the temperature (heat storage) of those tissues in the same way rectal temperature is.

2.3.1.1.1.3

Rectal temperature measurement

Though similar, brain and rectal temperatures are not mechanistically linked (Mariak 2002). Whilst useful for
interpretation of the physiological state of the brain an important consideration is that the brain is hot because of
its high metabolic rate and regular perfusion with hot blood, whilst the rectum is hot due the thermal inertia,
which results from a low perfusion and heat removal which offer a stable measurement (Rubin et al. 1951;
Durotoye and Grayson 1971). Blood arriving at the rectum comes from the abdominal aorta via the inferior
mesenteric (superior rectal), internal iliac (middle rectal) and internal pudendal arteries (inferior rectal: (Martini
2003)). Blood flow serves only its minimal metabolic requirements giving the first indication of the stability of
the rectal temperature, see Figure 2.12. The superior rectal (haemorroidal) artery supplies tissues from which
rectal temperatures are typically measured (12-15 cm beyond the anal sphincter), these vessels are small relative
to the mass of the rectum, so heat exchange is relatively minor. The venous heat removal is also slow due to
haemorroidal veins having similar dimensions (inferior, middle, superior: (Martini 2003)). Therefore, the rectum
possesses the thermal characteristics of an under-perfused yet temperature stable site.

Figure 2.12 Vasculature influencing rectal temperature, notably the middle haemorrhoidal artery which branches
from the inferior mesenteric artery (Gray 2000).
Within the rectum, heat exchange occurs with neighbouring tissues. This is modulated by variations in heat
production and perfusion. Modified rectal blood flow can be augmented hydrostatically with a temperature
dependent (Pendergast 1988), displacement of venous blood into the upper thorax. Pertinent to this thesis is the
observation that lower-body exercise elevates leg heat production, some of which is transported centrally
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(femoral veins) and stored, with the balance dissipated peripherally (Gisolfi and Robinson 1970; GonzálezAlonso 2012). Femoral veins do not contact the rectum (Martini 2003), although it has long been held that this
blood flow was an important influence on rectal temperature (Asmussen and Nielsen 1947). The mean effect on
rectal temperature (1.8x change after reperfusion when cycling) is not as great as oesophageal temperature (8.8x
change) due to the differences in blood flow around each measurement site (Mittleman and Mekjavić 1988).
Rectal temperature exceeds most intravascular temperatures in humans (Bazett et al. 1948; Pennes 1948; Eichna
1949; Eichna et al. 1951; Ilsley et al. 1983; Mariak et al. 1993). This is a result of vessels serving the gluteal
muscles (inferior gluteal arteries and veins, internal iliac vein (Martini 2003)); being sufficiently close to see
tissue temperature altered.
During physical exercise, visceral blood flow, including that of the rectum, is reduced as the intensity rises
(Rowell et al. 1967; Otte et al. 2001). This response further inhibits heat exchange via this mechanism at this
site. In a well-insulated region with a stable metabolic rate, convective heat removal primarily modifies tissue
temperature. Thus, systematically high rectal temperatures are probably associated with its relatively low basal
blood flow as conductive and metabolic heat is not easily dissipated (Graf 1959). This may also occur if its
arterial supply is hotter reducing the thermal gradient, a factor exacerbated during the hyperthermia inducing
exercise-heat stress in uncompensable conditions. Variations in the flow or temperature of blood within the wellinsulated rectal vessels are the likely reasons for high basal rectal temperatures in comparison with other sites
discussed, where heat production cannot be dissipated by means adopted by other organs (Taylor et al. 2014b).
Combined exercise and heat stresses is likely to induce a reduction in visceral blood flow thus heat transfer
becomes more heavily dependent upon conduction which in turn may be inhibited due to the proximity of the
rectum to already hot metabolically active tissue (Taylor et al. 2014b). This is a positive pathway supporting the
use of rectal temperature during exercise-heat stress as this location will likely represent the temperature of vital
organs and musculature.
Despite low thermal inertia due to low blood flow consistent measurement procedures are vital at the rectum due
to the anatomical structure of the site. A thermal gradient exists within the rectum, diminishing towards the anus,
and permitting heat flow to the exogenous environment (Mead and Bonmarito 1949; Nielsen and Nielsen 1962;
Lee et al. 2010b). It has been identified that from 8-13 cm, rectal tissue had a consistent temperature, varying
<0.1°C thus this is the target depth for the insertion of rectal thermometry probes (Lee et al. 2010b). A consistent
temperature is also observed at a depth of 19 cm, but at 16 cm (the ampulla), there is a temperature rise of about
0.5°C making measurement depths greater than the recommended 10 cm potentially erroneous. This gradient is
true across ambient conditions (Buono et al. 2014) with an anticipated increase in the cold, and decrease in the
heat. Another rectal temperature measurement consideration is the timing of meals relative to experimentation
and pre-experimental bowel evacuation as the conductive path to the rectal tissue lengthens when a sensor
becomes lodged within faeces. Regrettably rectal temperature appears to demonstrate a somewhat delayed
response to changes in temperature consistent with a flow-dependence at those sites and thermal inertia within
the rectum (Hayward et al. 1984; Savard et al. 1985; Vallerand et al. 1992; Lee et al. 2000; Nagano et al. 2010;
Lee et al. 2010a; Teunissen et al. 2012). The offset between rectal and oesophageal temperatures (2.3.1.1.1.2
Oesophageal temperature measurement) can change from <0.5°C to >10.0°C during extremes of temperature
states (Gollan 2006), with thermoeffector activation preceding rectal temperature changes inhibiting its
application
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instantaneous

observations
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behavioural

thermoregulation (Snellen 1969; Todd et al. 2014). In the context of exercise-heat stress steady-state rectal
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temperatures during exercise may take up to 50 min to be obtained (Greenleaf and Castle 1972), depending upon
the compensability of the conditions and consistency of the exercise prescription. During deep-body cooling
(cold-water immersion: 12.5°C) followed by exercise in the heat (40°C) the duration for a series of sites to fall
0.1°C below its pre-immersion baseline is: 50 s (oesophagus), 285 s (auditory canal), 305 s (rectum) and 360 s
(gastrointestinal tract) (Todd et al. 2014). These variations reflect the contributions of convective and conductive
losses, and were shorter when the former dominated i.e. in the rectum where blood flow is lesser. When
conduction prevailed i.e. rectal temperature, the widely observed trace cross-overs occurred demonstrates slower
thermal kinetics (Taylor et al. 2014b). The implications of this are most pertinent when warming hypothermic, or
cooling hyperthermic individuals (Molnar and Read 1974; Hayward et al. 1984; Ash et al. 1992; Taylor et al.
2008; Weingart et al. 2009; Casa et al. 2010; Pearson et al. 2012) and are less impactful during heating such as
exercise heat stress whereby readily measurable changes (±0.1°) can be observed at 5 min (305s) intervals (Todd
et al. 2014).

2.3.1.1.1.4

Gastrointestinal temperature measurement

The gastrointestinal temperature as a site for core temperature measurement has become pertinent since the
advent of ingestible sensors (pills) and radio data loggers which have greatly improved the efficacy of the site
(Byrne and Lim 2007). Temperature sensing pills travel along the gastrointestinal tract, though their precise
location is clearly dependent upon gastrointestinal motility and various rates of travel from the gut to the rectum
before passing out of the body (See Figure 2.13). Gastrointestinal temperature to lags behind pulmonary artery
temperature (Pearson et al. 2012) and oesophageal temperature during passive, whole-body heating and cooling
(Kolka et al. 1993; Teunissen et al. 2012), but has been shown as reliable (LOA = ± 0.61° C, CV = 0.58%, SEM
= 0.12° C, Cohen's d = 0.12, r = 0.84, ICC = 0.84) using acclimation type protocols (Ruddock et al. 2014). No
delay exists in comparison to rectal temperature, which is slightly lower. Measurement error is possible when
sampling does not occur from the same intestinal location – the extent of this error is largely based upon the
duration following consumption.
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Figure 2.13 Vasculature influencing gastrointestinal temperature notably the gastric artery upon telemetric pill
ingestion, and the mesenteric artery branching to the jejunal and ileal arteries as the pill descends through the
colon (Gray 2000).

Recommendations for the delay between ingesting radio pills and data collection can be calculated based upon
gastric emptying times (Goodman et al. 2009), and avoiding artefacts introduced by non-experimental food and
liquid consumption (Taylor et al. 2014b). The thermal artefact accompanying drinking can last 32 min,
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decreasing over time (Wilkinson et al. 2008). Under controlled conditions, these interferences can be prevented
by ingesting pills equilibrated with water at 37°C and then by preventing further fluid consumption (Gibson et al.
1981; Kolka et al. 1997). The mean transit time for single pills within the same individual has been identified as
27.4 hr (range: 4.6-82.8 hr) (Roach et al. 2010). A transit mean of 24 h (range: 12.5-134.4 h) exists between
individuals (McKenzie and Osgood 2004) with some individuals (6.2%) passing pills within 12 hr (Roach et al.
2010). Ultimately pill location within the tract is time- and person-specific requiring both participant and
experimenter familiarisation (Livingstone et al. 1983; Kolka et al. 1993; Goodman et al. 2009). Due to the close
proximity of measures, both with regards to the likely measured value and anatomical location, rectal
temperature, is preferable to gastrointestinal measurements perhaps with the exception of measurement in the
field where wireless data collection is important (Casa et al. 2007). Additionally this measure is more cost
effective than telemetry pills which cost ~£36.00 per unit. Within thermal steady states, rectal temperatures can
accurately quantify deep-body heat content, with minimal measurement artefact assuming a constant position is
maintained reducing the potential for confounding the interpretation of heat storage – this is not true of the
ingestible telemetry pill which may dislocate particularly during long exposures.

2.3.1.1.1.5

Auditory-canal temperature measurement

An insulated auditory-canal (aural) temperature can track variations in deep body temperature, as reported by
others (Cooper et al. 1964; Greenleaf and Castle 1972; Edwards et al. 1978; Hayward et al. 1984), albeit with an
offset and a delay which make it suitable for the detection of change in, but not accurate absolute core
temperature. Aural measurement is however a useful site in the absence of true absolute measurements which
require derivative calculation (Taylor et al. 2014b). Superficial and deep vascular tissue supplies blood for the
auditory canal, the anterior auricular artery provides blood from the superficial temporal artery, see Figure 2.14
(Martini 2003). This is a relatively shallow vessel coming from the external carotids. The posterior auricular
artery, also arising from the external carotid, feeds tissues deeper within the auditory canal as well as the skin
behind the ear (Martini 2003). The vascular configuration of the auditory canal facilitates a rapid response to
changes in carotid artery (brain) (Cooper et al. 1964) and cardiac temperatures (Hayward et al. 1984).
Regrettably the auditory canal is influenced by variations in ambient temperature (Sharkey et al. 1987; MoraRodriguez et al. 2008; Nagano et al. 2010; Teunissen et al. 2011) and wind (Teunissen et al. 2011), producing a
thermal gradient (~0.5°C) down the canal (Cooper et al. 1964). Cool ambient air temperatures largely influences
the aural measurement of core temperature whilst in hot conditions. A smaller impact on tracking deep-body
temperature changes is observed both directions of error can be minimised through insulation with ear defenders
(Greenleaf and Castle 1972; Cotter et al. 1995). Postural variations exist at this site (Greenleaf and Castle 1972),
with auditory-canal temperature higher when supine, as observed in other deep-body sites (Cranston et al. 1954;
Graf 1959; Ogawa et al. 1993). Nonetheless the above make the use of aural temperature viable particularly
when invasive measurements are not feasible.
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Figure 2.14 Vasculature influencing aural temperature notably the temporal artery and superior tympanic artery
(Gray 2000).

2.3.1.1.1.6

Sublingual (Oral) temperature measurement

Sublingual temperature is commonly measured due to ease of access though this measurement site shares
methodological issues similar to that of aural measurements inhibiting its application for research. The tongue
receives blood from the bilateral lingual arteries which branch from the external carotid artery (Martini 2003).
Branching occurs into suprahyoid, dorsal lingual, deep lingual and sublingual arteries meaning the sublingual
measurement site has a blood temperature equivalent to that of the brain (Martini 2003). This site become
compromised when the external environment is significantly less than the internal temperature as the face and
mouth and cooler lingual veins (dorsal lingual, deep lingual, sublingual, see Figure 2.15) are in intimate contact
with the respective arteries (Martini 2003). This is exaggerated during oral breathing which is autonomous
during exercise. Further limitations of sublingual temperature arise when drinking (Bain et al. 2012; Taylor et al.
2014b) and heat exchange through the cheeks occur (Sloan and Keatinge 1975).
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Figure 2.15 Vasculature influencing oral temperature notably the lingual artery (Gray 2000).

2.3.1.1.1.7

Axial temperature measurement

Axillary temperature is not commonly utilised due to limitations in the variability associated with the site.
Axillary arteries are continuations of the left subclavian and right brachiocephalic arteries that arise from the
aortic arch (Martini 2003). These vascular branches are well insulated and carry blood from the deep tissues
giving the blood, and thus the measurement site similar thermal characteristics (Figure 2.16). An experimental
limitation of axial temperature arise from the prolonged duration to achieve equilibrium. Measurement durations
of 20 min are only possible due to this being the minimum time for steady temperatures to be achieved,
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additionally the impracticality of the measure is greater when locomotion utilising the arms is required of
participants (Taylor et al. 2014b).

Figure 2.16 Vasculature influencing axial temperature notably the brachial artery and long thoracic branches
(Gray 2000).

2.3.1.1.2

Core temperature measurement during exercise heat stress - Reliability and validity of
rectal temperature measurement.

A comprehensive comparison assessing the validity and reliability of commonly used temperature devices
compared with the gold standard rectal temperature perhaps best inform this thesis (Ganio et al. 2009). In a study
design akin to a typical heat acclimation session, data was collected in individuals before and 20 minutes after
entering an environmental chamber, every 30 minutes during a 90-minute treadmill walk in the heat
(36.4°C/52% RH), and every 20 minutes during a 60-minute rest in a cool environment (Ganio et al. 2009).
Despite acceptable reliability (intestinal, forehead, temporal, and aural all mean bias = 0.09°C and r ≥ 0.94),
invalid estimates of rectal temperature are made by forehead sticker (0.29°C), sublingual temperature (-1.13°C),
temporal temperature (-0.87°C), aural temperature (-0.67°C), and axillary temperature (-1.25°C). Intestinal
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temperature measured via telemetry pill (mean bias of -0.02°C) was the only device considered valid, thus
excluding non-invasive and direct temperature devices which provide invalid estimates of core body temperature
in indoor and outdoor settings (Casa et al. 2007; Ganio et al. 2009) In the absence of oesophageal temperature,
rectal thermometry and ingestible pill are the only valid and reliable measurements which retain status as a
practical means of estimating core body temperature (Kolka et al. 1993; Lee et al. 2000; Jensen et al. 2000; Casa
et al. 2005; Casa et al. 2007; Ganio et al. 2009), oesophageal temperature considered impractical for use with an
athletic population under exercise conditions.
Based upon the observations discussed, rectal temperature is the most appropriate measurement site for exerciseheat stress applications, particularly when the appropriate alternatives - oesophageal temperature which has
somewhat unpalatable measurement procedures and the expensive telemetry pill for measurement of
gastrointestinal thermometry, are excluded (Taylor et al. 2014b). The slow rise of rectal temperature, is
suboptimal, however this can be acknowledged and accepted with measurements most effective and stable 5 min
following the preceding exercise load during exercise heat stress (Taylor et al. 2014b). The less transient and
variable responses in response to external stimuli mean stable readings reflecting colonic, rectal and
gastrointestinal are acknowledged, as is the relationship with brain temperature, a close indicator of circulating
blood temperature (Taylor et al. 2014b). Additionally, and pertinent to this thesis, the hepatosplanchnic viscera
has been proposed as a site of release for heat shock proteins into the circulation warranting an accurate
representation of the temperature in close proximity to this anatomy (Febbraio et al. 2002; Yamada et al. 2008;
Morton et al. 2009a).
Irrespective of measurement site, the core temperature response to exercise is uniform, the inefficiency of the
processes involved in human metabolism for energy production mean that contraction of skeletal muscle elevates
heat production. The immediate onset of heat production initially exceeds heat dissipation, resulting in heat
storage and elevated core temperature. Once core temperature has begun to rise, heat-dissipation reflexes
respond, reducing the rate of heat storage slowing the rate of core temperature increase. In compensable
conditions, in spite of the continuation of exercise heat dissipation will increase sufficiently to balance heat
production, and an elevated steady-state core temperature will be achieved. Upon cessation of exercise, core
temperature will return toward baseline levels at a rate dependent upon the individual capacity to dissipate heat,
and the environmental conditions under which dissipation is permitted to occur. As evidenced by the heat
balance equation, the magnitude of core temperature (rate of heat storage) elevation is proportional to the
metabolic rate, but independent of the environment over a wide range of conditions within compensable
conditions (Cheung 2010b; Parsons 2014). It is widely known that within an individual, the greater the metabolic
rate, the higher their steady-state core temperature during exercise in compensable conditions. In uncompensable
conditions core temperature continues to rise in accordance with the rate dictated by the exercise intensity.
Though baseline core temperature is typically maintained at 37.0°C in humans, interventions such as heat
acclimation are effective in reducing core temperature, thus giving individuals a great capacity to increase heat
storage. The baseline core temperature, or the “set-point”, is believed to be maintained by sensory receptors in
the core and skin that send thermal information to a central integrator, proposed to be the preoptic anterior
hypothalamus (Boulant 2006; Boulant 2011; Jessen 2011; Pierau 2011). It is this site which is also proposed as
important for behavioural thermoregulatory processing (Flouris 2011). A change from the “set-point
temperature” in the preoptic anterior hypothalamus results in a “load error” (Sawka et al. 2011) that generates a
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thermal command signal to modify sweating and cutaneous vasodilatation responses during heat stress (Sawka et
al. 1995).
Differing viewpoints on the acceptance of a thermoregulation “set point” exist. The traditional set-point theory is
described (Sawka et al. 2011) as based on the notion that “disturbance in the regulated variable, that is, core
temperature, elicits graded heat loss or heat gain responses”. “The ‘set-point’ temperature, serves as a reference
in the control of all the thermoregulatory responses” (Sawka et al. 2011). Peripheral (skin), and central (brain,
spinal column, and large vessels) thermal receptors provide afferent input into hypothalamic thermoregulatory
centres (Pierau 2011), where thermal information is processed with a resultant “load error” and proportionate
thermoregulatory command signal (Sawka et al. 2011), initiating heat dissipatory responses as a means to
maintain heat balance (Jessen 2011). Small changes in preoptic anterior hypothalamic temperature, a region
dense in temperature sensitive neurons (Sawka et al. 2011), elicits changes in the thermoregulatory effector
response (Boulant 2011). The change in heat loss mechanisms (e.g., sweating, skin blood flow) response will be
proportional to the displacement of the regulated variable (core temperature) from the thermoregulatory “setpoint” temperature e.g. a large rapid increase in core temperature will elicit a large cutaneous vasodilatory and
sudomotor response. It would appear that heat acclimation either reduces the “set point”, or maintenance of the
“set point” is more effectively controlled by more sensitive peripheral responses following heat acclimation.
Alternate theories exist (Hensel 1973; Romanovsky 2007; Jessen 2011), the most supported is one suggesting
thermoregulatory effector response is controlled by independent neuronal networks without a unified central
integrator absent of a “set point”. However, empirical data is lacking to support this theory at present.

2.3.1.2

Skin temperature

Skin temperature is measured to facilitate the calculation of the mean body temperature for heat storage
determinations, the calculation of sensible (radiative and convective) heat exchange and skin conductance, the
calculation of skin blood flow requirements, and hypothetically integrating an index of the skin temperature
input to the thermoregulatory controller. The skin represents the boundary between biological tissue, and the
ambient air. As a result, changes in skin temperature might result from physiological adjustments (cutaneous
blood flow, sweat secretion, and evaporation), or alterations in the environment (air motion, temperature, and
radiation), making measurement error possible with good practise needed to ensure contact with the skin,
particularly during profuse sweating (Smith et al. 2010).
A mean skin temperature of multiple sites is favourable to a single localised skin temperature site measurement
to reflect whole body skin temperature. A weighted calculation is subsequently used with the mean skin
temperature representing a sum of weighted individual skin temperatures. The weighting is based upon the
percentage of body surface area that is represented by the body region from where the temperature is measured
(Mitchell and Wyndham 1969). The equation (see Equation 3.12 Skin temperature calculation (Ramanathan
1964).) developed by Ramanathan (Ramanathan 1964) is seen as favourable as four accessible sites will interfere
with exercise performance to a lesser extent than a 12 or 15 region calculation (Winslow et al. 1936), even if it
would yield a greater coverage of the body surface area. It is believed that skin temperature is the greatest
influencing factor over thermal sensation and perception of heat stress (Flouris 2011). Discussion later in this
thesis considers the role of skin blood flow and sweating in response to exercise heat stress. Skin temperature
(Tsk) is classically measured at four sites by skin thermistors attached to a consistent side of the body using
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thermoneutral tape. The four sites; pectoralis major muscle belly (Tchest); lateral head of triceps brachii (Tarm),
rectus femoris muscle belly (Tthigh) and lateral head of the gastrocnemius (Tcalf) are then input into a subsequent
calculation which accounts for surface area of each site. This calculation generates a mean skin temperature
across the body (Ramanathan 1964).
Typically, skin temperature reflects that of the environment, or microclimate underneath clothing with values of
32.0 – 38.0°C observed when clothed at rest (Mehnert et al. 2000), extreme external environmental conditions
are offset by shivering or sweating to heat or cool (Webb 1992). As with the resting temperature, exercising skin
temperature reflects the external environment in which it is measured; however prolonged, high intensity
exercise requiring large heat dissipation is likely to increase skin temperature more greatly due to central to
peripheral blood shifts to optimise the beneficial evaporative heat loss. Dependent upon the model of acclimation
employed, the measurement conditions, and the individual response capacity increased skin blood flow
following heat acclimation (Lorenzo and Minson 2010) may increase, or at least maintain skin temperature.
Although reductions, mitigated by increased sweating (Lorenzo and Minson 2010) and consequently evaporation
(Poirier et al. 2015), are commonly observed as rapidly as following five days (Gill and Sleivert 2001). High
intensity acclimation (70% V O2peak) (Gill and Sleivert 2001), which requires high heat dissipation for heat
balance demonstrated that short and long term heat acclimation effectively reduces skin temperature at the end of
30 min exercise (Day 0 = 36.8°C, Day 5 = 36.5°C, Day 10 = 36.3°C). Reduced skin temperature is considered
optimal with a lower temperature typically reflecting less cutaneous vasodilation and a concurrent reduction in
peripheral blood flow. Cumulative decreases in skin and core temperature decrease the core – skin temperature
gradient (Day 0 = 2.2 ± 0.5°C, Day 10 = 1.7 ± 0.5°C (Gill and Sleivert 2001)). The reduction in the gradient
providing the mechanism for central blood preservation, thus mitigating the negative effects of increased
temperature.

2.3.1.3

Core – Skin temperature gradients

The core-to-skin gradient provides a means for determining how elevated skin temperatures (by warmer ambient
conditions, or inhibited evaporative cooling) increase skin blood flow requirements and how this graded
response, alongside elevated core temperature can favourably reduce the skin blood flow requirement and
cardiovascular strain associated with exercise-heat stress, independent of high absolute temperatures. Sawka et al
(Sawka et al. 2011) provide hypothetical scenarios based upon the work presented by Kenefick (Kenefick et al.
2007), demonstrating that typically as ambient temperature rises within compensable heat stress, the core – skin
gradient narrows. This narrowing is a response to heat dissipation requirements, with cutaneous vasodilatation
occurring to provide sufficient skin blood flow to preserve heat balance (Kenefick et al. 2010).
Counterintuitively, in uncompensable conditions higher core temperatures demonstrate narrowed core-to-skin
gradients and a reduced demand for skin blood flow, thus maintaining central blood flow for metabolism, albeit
with the likely outcome of excessive body heat content; assuming the maintenance of exercise work and
metabolic heat production.

2.3.2
2.3.2.1

Cardiovascular adaptations to heat acclimation
Cardiac output, heart rate and stroke volume

A principal feature of heat acclimation is increased cardiovascular stability, quantified by reductions in
exercising heart rate (Armstrong and Maresh 1991; Patterson et al. 2004a) and/or concurrent hypervolaemia
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(Harrison 1985; Harrison 1986; Sawka et al. 2000). Hypervolaemia, an increase in blood volume (Harrison
1986), appears most regulated by increasing the plasma volume component of circulation with increases in cell
mass minimal during HA. Increased plasma volume via heat acclimation is the mechanism underpinning
attenuated resting and exercise heart rates under normothermic conditions (Corbett et al. 2014b) and heat stress
inducing conditions (Garrett et al. 2011). Regrettably not all heat acclimation studies report changes in plasma
volume and heart rate simultaneously. However, a linear relationship has been demonstrated with approximately
a 1 % increase in plasma volume resulting in a 1 % reduction in exercising heart rate of healthy males
(Convertino 1983). Reductions in heart rate appear to occur at a rate of -1.3 ± 1.0 b.min-1.hr-1 across acclimation
regimes (Table 2.1). As with changes in core temperature, greater rates of reduction (-4.8 b.min-1.hr-1) appear to
augment at a greater rate when high intensity intermittent sprint work is performed, although it is perhaps
difficult to disassociate the heat acclimation and training effect used (Petersen et al. 2010). Allied to the plasma
volume mechanism, more prolonged exercise in hotter conditions (49°C, 20%) than the mean of all regimes
(Table 2.5 and Table 2.6 39°C, 41%) evokes a greater rate of change (-4.0 b.min-1.hr-1).
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Table 2.5 Summary of heart rate adaptations following fixed intensity heat acclimation studies

Sessions

Dose
(min)

Ex Duration
(min)

∆ HR
(b.min-1)

HR
Dose
(∆.hr-1)

10

60

600

60

-5

-0.5

18

10

110

1100

100

-5

-0.3

38.4

52

5

35

175

35

-2

-0.7

15

40

30

12

60

720

60

-8

-0.7

8

45

20

10

100

1000

100

-14

-0.8

15

32

50

9

120

1080

120

-15

-0.8

10

37

6

120

720

90

-7

-0.6

7

38

70

10

30

300

30

-15

-3.0

8

40

40

12

120

1440

120

-12

-0.5

11

33

40

11

90

990

90

-20

-1.2

9

40

27

7

60

420

60

8

1.1

9

40

27

7

35

245

35

8

2.0

12

40

30

10

100

1000

90

-15

-0.9

8

49

20

10

100

1000

87

-18

-1.1

8

40

10

12

80

960

80

-11

-0.7

24

49

20

9

110

990

100

-36

-2.2

10

40

20

14

90

1260

90

-5

-0.2

16

31

70

14

60

840

60

-17

-1.2

16

31

70

14

60

840

60

-24

-1.7

10

100

1000

-13

-0.8

HA Method

Participants

Duration
(min)

Lead Author

Temp
(°C)

(Avellini et al. 1980)

FIXED
FIXED
(57.5%)
FIXED
(±10%VT)

8

36

21

42

7

FIXED

(Burk et al. 2012)
(Chen et al. 2013)
(Cheung and McLellan
1998)
(Chinevere et al. 2008)
(Daanen et al. 2011)
(Fujii et al. 2012)
(Gill and Sleivert 2001)
(Heled et al. 2012)
(Hom et al. 2012)
(Houmard et al. 1990)
Young
(Houmard et al. 1990)
Old
(Kampmann et al. 2008)
(Lorenzo et al. 2010)
(McClung et al. 2008)
(Nielsen et al. 1993)
(Pandolf et al. 1977)
(Poirier et al. 2015)
(Saat et al. 2005)
(Saat et al. 2005)
(Sawka et al. 1983a)

FIXED
(Walking)
FIXED
FIXED
(58%)
FIXED
(70%)
FIXED
(30%)
FIXED
(50%)
FIXED
(50%)
FIXED
(75%)
FIXED
(50%)
FIXED
(Walking)
FIXED
(60%)
FIXED
(Walking)
FIXED
(50%)
FIXED
(60%)
FIXED
(60%)
FIXED
(Walking)
FIXED
(Walking)
FIXED
(60%)

Humidity
(%)

6
7

40

20

4

50

200

50

-13

-3.9

5

30

50

10

70

700

60

-8

-0.7

MEAN

10

39

35

10

84

815

78

-11

-0.9

SD

5

6

17

3

29

365

26

10

1.2

MAX

24

49

75

15

120

1800

120

8

2.0

MIN

5

28

10

4

30

175

30

-36

-3.9

(Shvartz et al. 1972)

Notes: Dose is calculated based upon the number of sessions multiplied by the duration of each session. Doses for HR are
calculated based upon the change per hour of exposure. ∆ reflects a pre to post acclimation change in the given variable.
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Table 2.6 Summary of heart rate adaptations to isothermic heat acclimation studies

(Patterson et al. 2004b)
(Patterson et al. 2004a)
(Patterson et al. 2004a)
(Patterson et al. 2014)
(Weller and Harrison
2001)
MEAN

HR Dose
(∆.hr-1)

(Patterson et al. 2004b)

Dose
(min)

∆ HR
(b.min-1)

(Magalhães et al. 2010a)

Duration
(min)

Ex Duration
(min)

(Magalhães et al. 2010b)

ISO
(38.5°C)
ISO
(38.5°C)
ISO
(38.5°C)
ISO
(+1°C)
ISO
(+1°C)
ISO
(38.5°C)
ISO
(38.5°C)
ISO
(38.5°C)
ISO
(38.5°C)
ISO
(38.5°C)
ISO
(38.5°C)

Sessions

(Garrett et al. 2014)
DEH
(Garrett et al. 2014)
HYD
(Garrett et al. 2012)

HA
Method

5

90

450

58

-8

-1.1

60

5

90

450

55

-5

-0.7

39.5

60

5

90

450

60

-2

-0.3

9

40

45

11

60

660

60

-8

-0.7

6

40

45

13

60

780

60

-6

-0.5

11

39.8

59.2

14

90

1260

59

-10

-0.5

11

39.8

59.2

8

90

720

60

-5

-0.4

12

39.8

59.2

8

90

720

59

-5

-0.4

12

39.8

59.2

14

90

1260

60

-10

-0.5

10

35

18

10

70

700

40

-4

-0.3

16

46

18

10

110

1100

110

-24

-1.3
-0.6

Participants

Lead Author

Temp
(°C)

Humidity
(%)

9

40

60

9

40

8

10

39.9

53.8

9.4

85

797

66

-8

SD

3

2.2

18.9

3.7

17

358

20

6

0.3

MAX

18

46.0

100.0

17.0

120

1530

120

-2

-0.3

MIN

6

35.0

18.0

5.0

60

420

40

-24

-1.3

Notes: Dose is calculated based upon the number of sessions multiplied by the duration of each session. Doses for HR
calculated based upon the change per hour of exposure. ∆ reflects a pre to post acclimation change in the given variable.

An acute response to submaximal exercise-heat stress is a reduction in stroke volume with a requisite elevation
in heart rate as a means for maintaining cardiac output (González-Alonso et al. 1999b; González-Alonso 2012).
During maximal exercise in hot conditions, maximal heart rates are achieved at lower work intensities in
comparison with temperate conditions (Galloway and Maughan 1997). In conjunction with reduced stroke
volume in comparison with temperate conditions, this provides the likely explanation for limitations in exercise
performance, as blood flow to exercising muscle reduces, see Figure 2.17 (Lorenzo et al. 2010). Reduced
submaximal stroke volume and maximal cardiac output appears related to increased skin blood flow (SkBF)
(González-Alonso et al. 1999a), and increased cutaneous capacitance to facilitate heat loss, reducing available
blood volume during acute exercise-heat stress. It is well understood that a conflict develops for the
cardiovascular system between the maintenance of central blood volume and blood pressure, and the essential
thermoregulatory requirement for increased skin blood flow to the cutaneous periphery as a means for
dissipating heat production from exercising muscles.
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Figure 2.17 Effect of heat acclimation on maximal cardiac output (A), stroke volume (B), and heart rate (C)
during VO2max test in a cool (13°C) and hot (38°C) environment. * denotes p < 0.05 vs. pre-acclimation within
environmental condition (Lorenzo et al. 2010).
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The notion of centrally mediated cardiovascular limitations to exercise-heat stress is supported by Horowitz
(Horowitz 2002), where one fundamental adaptive feature of heat acclimation is increased contractile efficiency
in the heart. Whilst adaptations to heat acclimation also improve peripheral mechanisms such as to the eccrine
glands and cutaneous vasculature, complete acclimation will optimally improve cardiovascular stability with
complete heat acclimation reflecting an increased blood volume (Harrison 1985; Harrison 1986; Sawka et al.
2000), and increased ventricular contractility (Levi et al. 1993a; Horowitz 2002). The reduction in exercising
heart rate is ‘moderately-too largely’ related to plasma volume expansion following heat acclimation (Buchheit
et al. 2011). In conjunction, and further evidencing the mechanism by which a reduction in heart rate is
associated to the rapid plasma volume expansion, the timescale of reduction is also 3–6 days for both increased
plasma volume and reduced heart rate following the commencement of heat acclimation (Armstrong and Maresh
1991). It can also be noted that the rate of heart rate acclimation is greatest during short term (-1.7 b.min-1.hr-1)
rather than long term heat acclimation time scales (-1.1 b.min-1.hr-1), see Table 2.1. The mechanism for a reduced
heart rate response to exercise is multifactorial. A primary mechanism is increased stroke volume which is
mediated by plasma volume expansion and enhanced ventricular filling following greater venous tone (Chalmers
et al. 2014). This haematological adaptation allows the cardiovascular system to sustain metabolic,
cardiovascular, and thermoregulatory blood flow demands with requirement for a reduced frequency of
myocardial contractions for the same cardiac output (Rowell et al. 1967; Fortney et al. 1981; Convertino 1983;
Buchheit et al. 2011).
The plasma volume adaptation to STHA training decays at a faster rate than the heart rate adaptation Garrett et
al. (Garrett et al. 2009), suggesting a secondary mechanism by which improved centrally mediated myocardial
augmentation (i.e. increased compliance, better preservation of high-energy phosphorous compounds) is also
relevant to the multifactorial attenuation of heart rate (Horowitz et al. 1986b; Levi et al. 1993a). Following just
three acclimation sessions, and therefore coinciding with the earliest observation of heat acclimation mediated
heart rate reductions (Armstrong and Maresh 1991), (Hodge et al. 2013) observed that plasma
noradrenaline/norepinephrine concentration during exercise are reduced. This correlation between the reduction
in exercise heart rate and plasma norepinephrine concentration suggests that reduced sympathetic nervous
activity also governs the attenuated heart rate response to exercise following heat acclimation (Hodge et al.
2013). Heat acclimation elicits a lowering of both resting heart rate (Hessemer et al. 1986; Cotter et al. 1997;
Brazaitis and Skurvydas 2010; Fujii et al. 2012; Chen et al. 2013) and exercising heart rate at the same absolute
intensity (averaging around -10 %) (Gonzalez et al. 1974; Febbraio et al. 1994; Cotter et al. 1997; Sunderland et
al. 2008; Garrett et al. 2009; Petersen et al. 2010; Buchheit et al. 2011; Fujii et al. 2012; Garrett et al. 2012; Chen
et al. 2013). It appears permissive dehydration may enhance the plasma volume expansion to isothermic heat
acclimation (Garrett et al. 2014), and the subsequent reductions in heart rate, although these adaptations are a
relatively novel finding and further research is required to determine the optimal frequency and extent of
dehydration in varying environments necessary to maximise adaptation and minimize maladaptation is required
(Garrett et al. 2012; Garrett et al. 2014), particularly given a lack of PV change in recent data (Neal et al. 2015).

2.3.2.2

Skin blood flow

An increased skin blood flow (SkBF) (i.e. the ability of the cardiovascular system to perfuse the skin
microcirculation), together with enhanced evaporative cooling due to higher sweat rates at a given core
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temperature, widens the core-to-skin thermal gradient (Rowell et al. 1967) and allows heat dissipation from the
body core to the environment.
Skin blood flow is a critical direct component of convective heat transfer, and indirectly contributes towards the
evaporative heat loss by permissive increases in central (core) to peripheral (skin) blood flow, albeit with the
aforementioned potential to decrease exercise performance. During exercise, and particularly exercise in
environments where optimal oxygen rich blood flow to muscles is compromised (e.g. heat or altitude)
management of skin blood flow may be a limiting factor in exercise performance, or increase physiological
strain for a given work intensity due to inadequate oxygenation for metabolism. Skin blood flow for a given core
temperature increases following heat acclimation (Roberts et al. 1977; Takeno et al. 2001; Yamazaki and
Hamasaki 2003; Lorenzo and Minson 2010; Fujii et al. 2012). Previously discussed increases in plasma volume
maintain central blood flow, reducing the requirement for vasoconstrictive cutaneous vascular tone, therefore
permitting vasodilation and increasing skin blood flow with a reduced negative physiological impact (Fortney et
al. 1988; Convertino 1991; Nielsen et al. 1993). It has been reported maximal skin blood flow is not altered by
heat acclimation, demonstrating that the observed changes are attributable to improvement in cutaneous vascular
function and not to structural changes that limit maximal vasodilator capacity (Lorenzo and Minson 2010). To
determine the effect of heat acclimation on skin blood flow, acetylcholine (Ach) - an endothelium-dependent
vasodilator which works predominantly through a prostanoid dependent pathway can be infused (Lorenzo and
Minson 2010). Pre then post 10 days of fixed intensity heat acclimation infusion showed significant increases in
the cutaneous vascular responses to 1, 10, and 100 mM ACh (43.5 ± 3.4 vs. 52.6 ± 2.6% CVCmax, 67.7 ± 3.4 vs.
78.1 ± 3.1% CVCmax, and 81.0 ± 3.8 vs. 88.5 ± 1.1% CVCmax, respectively,). No significant changes are found
in control groups performing normothermic exercise training at the same workload across ACh concentrations
(40.5 ± 5.6 vs. 45.7 ± 6.9% CVCmax, 65.3 ± 2.8 vs. 67.7 ± 5.6% CVCmax, and 83.2 ± 2.0 vs. 80.4 ± 1.9%
CVCmax) see Figure 2.18.

Figure 2.18 Effect of heat acclimation (Experimental group) on cutaneous vascular conductance (CVC) in
response to 1, 10, and 100 mM Acetylcholine. * denotes difference from pre acclimation within concentration
and group (Lorenzo and Minson 2010).
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Blood pressure responses to heat acclimation are typically underreported, however a reduction in mean arterial
pressure positively increases skin blood flow (Fujii et al. 2012). Attenuated core temperature increases following
heat acclimation (Febbraio et al. 1994; Sunderland et al. 2008; Daanen et al. 2011; Fujii et al. 2012; Garrett et al.
2012; Brade et al. 2013), with skin blood flow reduced at the same absolute exercise intensity as pre acclimation,
with up to 100% reductions observed during moderate to high intensity exercise (Chen et al. 2013). As
previously observed with regards to sweat onset, heat acclimation lowers the core temperature threshold for
cutaneous vasodilation by 0.15 – 0.4°C (Yamazaki and Hamasaki 2003; Fujii et al. 2012). Expanded plasma
volume has been implicated (Simmons et al. 2011) as a mechanism, whereby reduced core temperature
thresholds simply lower the threshold for cutaneous vasodilation (Nielsen et al. 1997; Buono et al. 1998;
Yamazaki and Hamasaki 2003; Fujii et al. 2012). Though potentially conflicting ideals when acknowledging
behavioural thermoregulation, data has occasionally evidenced skin temperatures increasing following heat
acclimation (Petersen et al. 2010). This may be a response to improved exercise performance and greater rates of
metabolic heat production, as when matching work skin temperature either decreases (Shvartz et al. 1972; Brade
et al. 2013), or more commonly, remains unchanged (Cotter et al. 1997; Fujii et al. 2012; Racinais et al. 2012b;
Brade et al. 2013; Chen et al. 2013) following shorter heat acclimation protocols. As with the related plasma
volume expansion and sweat rate, the duration of the heat acclimation intervention is likely to govern the
magnitude of the skin temperature response, whereby a greater exposure affords consistent skin temperature
reductions (Nielsen et al. 1993; Nielsen et al. 1997; Patterson et al. 2004b; Lorenzo et al. 2010; Daanen et al.
2011). Following longer-term heat acclimation, the core-to skin gradient increases (Rowell et al. 1967; Regan et
al. 1996; Gill and Sleivert 2001; Kenefick et al. 2010; Lorenzo et al. 2010), reducing skin blood flow
requirements at the same absolute workload as pre-acclimation, consequently reducing the cardiovascular strain
(Lorenzo et al. 2010).
Roberts et al. (1977) observed that 10 days of heat acclimation lowered the internal temperature threshold for
cutaneous vasodilation, this occurring without a significant changes in the slope of the relationship relative to
internal temperature. This suggests skin blood flow changes are caused by central mechanisms. Other research
has demonstrated heat acclimation as increasing the slope of the relationship of vascular conductance or sweat
rate to internal temperature during exercise in the heat (Sawka et al. 1989). As with much of the literature in the
field, differing heat acclimation protocols and the type of heat tolerance test account for variation in results, with
an increase in internal temperature being the shared mechanism. With increases in internal temperature
inevitable following exposure to heat stress, it has been acknowledged that without controlling internal
temperature, changes could still be centrally mediated or functional/structural within the cutaneous vasculature
(Lorenzo and Minson 2010). Maximal brachial artery blood flow (forearm blood flow) measured by Doppler
ultrasound and cutaneous vascular conductance in response to both heat acclimation and acetylcholine infusion,
identified that heat acclimation enhances SkBF and sweat rates in highly trained individuals by peripheral
adaptations. It was suggested that in less trained individuals results would be more pronounced with a greater
scope for adaptation.
The thermoregulatory adaptations to SkBF and sweating confer possible benefits by increased evaporation
(Poirier et al. 2015), decreasing skin temperature (assuming adequate sweat evaporation), attenuating the rate of
core temperature increase in response to heat stress. Decreased SkBF requirements allow maintenance of a
greater fraction of the available cardiac output to be directed to active muscles for contraction/movement.
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Additionally increased SkBF enhances convective cooling, delivering a greater volume of blood to cooled skin,
these adaptations alongside changes in plasma volume improved regulation of core temperature. It appears
maximal SkBF is not modified by HA, although SkBF does not approach maximal levels during exercise, the
reason for this; either a non-requirement, or the inability to achieve maximal levels due to preferential blood
distribution, is unknown (Lorenzo and Minson 2010).

2.3.3

Fluid balance adaptations following heat acclimation

Initially believed to be finite and achieved in short term time scale, but since shown to be sustained with
sufficient heat stress, the magnitude of plasma expansion has demonstrated considerable variability in the
magnitude of change (usually between 4.5-15 % (Wyndham et al. 1968; Patterson et al. 2004a; Castle et al.
2011; Buchheit et al. 2011; Fujii et al. 2012; Garrett et al. 2012; Racinais et al. 2012b)). Data published to date
suggests a rate of plasma volume expansion of 0.8 ± 0.5 %.hr-1 can be expected although seminal data suggests
the expansion may be in response to the nature of the stimuli, particularly the important potentiating stimuli –
sustained elevation in core temperature (Patterson et al. 2004a). The variability of plasma volume response, and
the inhibition of expansion past a ~6 day period (rate of STHA adaption = 0.9 %.hr-1; LTHA rate = 0.6 %.hr-1)
was highlighted as being a likely artefact of the administration of the heat acclimation protocol, whereby
traditional fixed intensity methods saw an attenuation of the plasma volume expansion as other phenotypic
adaptations occurred. Implementation of an isothermic heat acclimation protocol, where an elevated core
temperature of 38.5°C is consistently targeted throughout the intervention, elicits sustained daily and therefore,
greater plasma volume expansion (Patterson et al. 2004a), see Figure 2.19. After STHA and LTHA, PV was
expanded and maintained relative to control values (baseline: 44.0 ± 1.8; STHA: 48.8 ± 1.7; LTHA: 48.8 ± 2.0
mL.kg-1). The extracellular fluid compartment (ECF) was equivalently expanded after STHA (HA = 279.6 ±
14.2; control = 318.6 ± 14.3 mL.kg-1) and LTHA (HA = 287.5 ± 10.6; control = 308.4 ± 14.8 mL.kg-1). Plasma
electrolyte, total protein and albumin concentrations were unaltered following heat acclimation, although the
total plasma content of these constituents was elevated. The PV and interstitial fluid (ISF) compartments
exhibited similar relative expansions after STHA (HA = 15.0 ± 2.2%; control = 14.7 ± 4.1%) and LTHA (HA =
14.4 ± 3.6%; control = 6.4 ± 2.2%). The same authors identified that it is the expansion of the extracellular fluid
compartment which primarily accounts for the increase in plasma volume. As previously stated, expansion of
plasma volume plays a multifaceted role in cardiovascular stability, thermoregulation, and fluid regulatory
adaptations following heat acclimation (Chalmers et al. 2014), but is a transient process that can return to
baseline levels once the heat stimulus has been removed for 1 week following STHA (Garrett et al. 2009).
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Figure 2.19 Resting total body water (TBW), plasma volume (PV), red cell volume (RCV), extracellular fluid
(ECF), interstitial fluid (ISF), and intracellular fluid (ICF) prior too, and following short term heat acclimation
(Day 8) and long term heat acclimation (Day 22) (Patterson et al. 2004a).

Table 2.7 Summary of plasma volume changes to fixed intensity heat acclimation studies

(Castle et al. 2011)
(Fujii et al. 2012)
(Lorenzo et al.
2010)
(Nielsen et al.
1993)
(Takeno et al.
2001)
MEAN

7

40

30

21

42

8

33

10

37

12

40

8

∆ PV
(%)

PV Dose
(∆.hr-1)

FIXED
(50%)
FIXED
(57.5%)
FIXED
(50%)
FIXED
(58%)
FIXED
(50%)
FIXED
(60%)
FIXED
(60%)

Humidity
(%)

Ex Duration
(min)

(Aoyagi et al.
1994)
(Burk et al. 2012)

Temp
(°C)

120

8.0

0.7

1100

100

11.1

0.6

60

600

60

-0.7

-0.1

6

120

720

90

7.3

0.6

30

10

100

1000

90

6.5

0.4

40

10

12

80

960

80

13.1

0.8

5

30

50

10

70

700

60

3.4

0.3

Sess-ions

HA Method

Partici-pants

Lead Author

Duration
(min)

Dose
(min)

6

120

720

18

10

110

52

10

10

39

35

10

84

815

78

7.0

0.5

SD

5

6

17

3

29

365

26

4.6

0.3

MAX

24

49

75

15

120

1800

120

13.1

0.8

MIN

5

28

10

4

30

175

30

-0.7

-0.1

Notes: Dose is calculated based upon the number of sessions multiplied by the duration of each session. Doses for PV change
are calculated based upon the change per hour of exposure. ∆ reflects a pre to post acclimation change in the given variable.
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Table 2.8 Summary of plasma volume changes following isothermic heat acclimation studies

9

40

60

9

40

10

58

8.0

1.1

450

55

4.0

0.5

90

450

60

4.2

0.6

5

90

450

60

4.5

0.6

45

11

60

660

60

5.2

0.5

39.8

59.2

14

90

1260

59

9.0

0.4

11

39.8

59.2

8

90

720

60

9.0

0.8

12

39.8

59.2

8

90

720

59

9.0

0.8

12

39.8

59.2

14

90

1260

60

9.0

0.4

8

39.8

59.2

17

90

1530

60

12.6

0.5

MEAN

10

39.9

53.8

9.4

85

797

66

7.5

0.6

SD

3

2.2

18.9

3.7

17

358

20

2.8

0.2

MAX

18

46.0

100.0

17.0

120

1530

120

12.6

1.1

MIN

6

35.0

18.0

5.0

60

420

40

4.0

0.4

(Garrett et al. 2014)
DEH
(Garrett et al. 2014)
HYD
(Garrett et al. 2009)
(Garrett et al. 2012)
(Magalhães et al.
2010b)
(Patterson et al.
2004b)
(Patterson et al.
2004b)
(Patterson et al.
2004a)
(Patterson et al.
2004a)
(Patterson et al. 2014)

HA
Method
ISO
(38.5°C)
ISO
(38.5°C)
ISO
(38.5°C)
ISO
(38.5°C)
ISO
(+1°C)
ISO
(38.5°C)
ISO
(38.5°C)
ISO
(38.5°C)
ISO
(38.5°C)
ISO
(38.5°C)

Sess-ions

PV Dose
(∆.hr-1)

Humidity
(%)

Ex Duration
(min)

Partici-pants

Temp
(°C)

∆ PV
(%)

Lead Author

Duration
(min)

Dose
(min)

5

90

450

60

5

90

39.5

60

5

8

39.5

60

9

40

11

Notes: Dose is calculated based upon the number of sessions multiplied by the duration of each session. Doses for PV change
are calculated based upon the change per hour of exposure. ∆ reflects a pre to post acclimation change in the given variable.

Data evidences heat acclimation mediated plasma volume increases (Nielsen et al. 1993; Lorenzo et al. 2010), as
responsible for increased cardiac output at a given relative exercise intensity. Whilst muscle blood flow for a
given absolute exercise intensity does not change following heat acclimation (Kirwan et al. 1987; Nielsen et al.
1993; Nielsen et al. 1997), the reduction of core temperature when exercising in the heat (Febbraio et al. 1994;
Sunderland et al. 2008; Daanen et al. 2011; Fujii et al. 2012; Garrett et al. 2012; Brade et al. 2013), and greater
performance capacity following heat acclimation (Sunderland et al. 2008; Buchheit et al. 2011; Garrett et al.
2012; Brade et al. 2013; Chen et al. 2013), suggests muscle blood flow for a relative exercise intensity may be
increased and that the plasma volume expansion attenuates the loss of central blood flow whilst maintaining, or
even facilitating greater peripheral blood flow for heat dissipation.
Hypohydration, a decrease in body water, typically quantified by changes in body mass or fluid osmolality
(Sawka et al. 2007), following exercise in the heat is associated with acutely decreased blood (plasma) volume
(Sawka et al. 1984a; Sawka et al. 1985b), although hypohydration may increase the plasma volume expansion
during a heat acclimation intervention compared with euhydration (Garrett et al. 2014). Mechanistically, the
increase of plasma volume is regulated by the Renin-Angiotensin Aldosterone system, whereby Renin, which is
secreted by the kidneys, stimulates the formation of angiotensin, which in turn facilitates aldosterone secretion
from the adrenal cortex into the circulation (Atlas 2007). As renin is released into the blood, it acts upon
angiotensinogen, which undergoes proteolytic cleavage to form the decapeptide, angiotensin I. The vascular
endothelium, contains angiotensin converting enzyme (ACE), which cleaves off two amino acids to form the
octapeptide, angiotensin II (Paul et al. 2006). Angiotensin II has a number of physiological roles, initially
constricting resistance vessels which increase systemic vascular resistance and arterial pressure in acute response
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to exercise requirements and stimuli. During prolonged exercise, angiotensin II stimulates sodium transport
(reabsorption) at several renal tubular sites, thereby increasing sodium and water retention within the whole body
(Paul et al. 2006). Pathways have observed the aforementioned stimulation of the adrenal cortex to release
aldosterone initiating increased sodium and fluid retention at the kidneys and the subsequent release of
vasopressin (antidiuretic hormone, ADH) from the posterior pituitary, which increases fluid retention by the
kidneys (Paul et al. 2006; Atlas 2007). Decreased blood volume via hypohydration increases blood viscosity as
red cell mass is not known to reduce acutely, and can reduce venous return. As previously discussed,
cardiovascular strain is greater during heat stress as a result of preferential distribution of blood to the skin to
facilitate cooling (Lorenzo and Minson 2010). During maximal exercise, viscosity-mediated increases in
vascular resistance and reduced cardiac filling therefore, further decreases both stroke volume and cardiac
output, exacerbating physiological strain (Sawka and Montain 2000).
Resting plasma volume and osmolality demonstrate significant negative and positive relationships with loss of
total body water, respectively (Sawka et al. 2000). Sweat-induced hypohydration decreases plasma volume and
increase plasma osmotic pressure in proportion to the amount of fluid loss (Sawka and Montain 2000). Plasma
volume decreases because it provides the precursor fluid for sweat, and osmolality increases because sweat is
ordinarily hypotonic relative to plasma (Sawka and Montain 2000). Sodium and chloride are primarily
responsible for the elevated plasma osmolality (Kubica et al.; Senay 1968), these “electrolytes” provide osmotic
pathways for intracellular to extracellular shifts in fluid preserving plasma volume and ultimately cardiac output
for cerebral function, exercise metabolism or skin blood flow, particularly during exercise-heat stress.
Individuals who attain the heat acclimated phenotype demonstrate a superior defence of plasma volume, in
favour of a greater intracellular deficit, than those in an unacclimated state (Sawka and Greenleaf 1992). Sweat
dilution through heat acclimation is the proposed mechanism by which electrolyte availability within the
extracellular spaces facilitates sustainable osmotic pressure and redistribution of fluid from the intracellular
space (Sawka and Montain 2000). Sodium chloride is the primary electrolyte in sweat, with potassium, calcium,
and magnesium present in smaller amounts (Sawka and Montain 2000). Sodium concentration in sweat averages
35 mmol.L-1 (range:10–70 mmol.L-1) varying by diet, , hydration, and sweating rate and heat acclimation status
(Allan and Wilson 1971; Brouns 1991). In an unacclimated state, eccrine glands reabsorb sodium by active
transport, sweat sodium reabsorption does not increase with the sweating rate; therefore during high sweating
rates sweat sodium concentration of sodium increases (Sawka and Montain 2000). Heat acclimation positively
augments sodium reabsorption, following heat acclimation sodium concentrations reduce by ~50% in sweat at a
fixed sweat rate (Allan and Wilson 1971). Sweat potassium concentration in an average male is typically 5
mmol.L-1 (range: 3–15 mmol.L-1), calcium, 1 mmol.L-1 (range 0.3–2 mmol.L-1); and magnesium, 0.8 mmol.L-1
(range 0.2–1.5 mmol.L-1) (Brouns 1991) with little difference in these sweat mineral concentration between
sexes and age (Morimoto et al. 1967; Meyer et al. 1992; Anderson et al. 1995).
A body mass fluid loss of 3% is known to reduce maximal aerobic performance in temperate conditions (Buskirk
et al. 1958; Caldwell et al. 1984; Webster et al. 1990), due to the importance of maintained blood volume to
permit cutaneous as well as metabolic blood flow. In hot conditions this decrement is observed following losses
of 2% (Craig and Cummings 1966), which is achievable in 30 – 60 minutes based on established mean
exercising sweat loss data (Sawka and Montain 2000). Despite attempts to preserve plasma volume,
cardiovascular strain underpins this performance detriment (Lafrenz et al. 2008). The vasodilation of the
cutaneous veins increase skin blood flow and increase the percentage of blood pooled at the skin. Proportional
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reductions in available cardiac output to perfuse muscles with oxygen for aerobic metabolism, or decreases in
effective central blood volume and central venous pressure reduces with hypohydration, thereby reducing venous
return and cardiac output.
Hypohydration during the implementation of heat acclimation has been evidenced as providing an additional
benefit to enhance the physiological and thermoregulatory strain of the intervention. This is only possible as
performance detriments and increased thermal stresses are seen as a willing sacrifice towards achieving optimal
adaptation. A 1.8% improvement in functional adaptations (greater plasma volume expansion and reduced
exercising heart rate following elevated plasma aldosterone) was observed to short term heat acclimation with
hypohydration in comparison to euhydration (Garrett et al. 2014). The authors acknowledged that further
research is required to determine the optimal frequency and extent of dehydration to maximize adaptation and
minimize maladaptation and mechanisms involved; particularly over longer-term acclimation regimes.
Additionally, ensuring hypohydration occurs may facilitate more economical administration of isothermic heat
acclimation protocols as the relative exercise intensity increases for the same external workload (Garrett et al.
2014). A 1% deficit of body weight elevates core temperature during exercise (Ekblom et al. 1970) with a
concomitant graded elevation of core temperature during exercise alongside losses in total body water during
heat stress (Sawka et al. 1985b; Montain and Coyle 1992). The magnitude of core temperature elevation ranges
from 0.10 - 0.23°C for every percentage body weight lost (Strydom and Holdsworth 1968; Sawka et al. 1985b;
Montain and Coyle 1992). In isothermic heat acclimation, increased rates of core temperature increase are
desirable to maximise the duration where a critical temperature is sustained. Hypohydration would therefore,
appear favourable to prescribed or ad libitum fluid consumption/replacement. No data is available to determine
whether hypohydration prior to each session of heat acclimation augments further adaptation, warranting further
research. This research would require acknowledgment that acute hypohydration elevating core temperature
negates the core temperature advantages conferred by high aerobic fitness and heat acclimation (Buskirk et al.
1958; Sawka et al. 1983b; Cadarette et al. 1984). A confounding mechanism of this proposed experiment is the
negative impact of hypohydration on relative sweat rates which are impaired with regards to both dry and
evaporative heat loss (Sawka 1992; Sawka et al. 2007). Hypohydration reduces both effector heat loss responses
for a given core temperature (Sawka 1992), with reduced or unchanged whole-body sweat rates at fixed
metabolic rates in the heat (Sawka et al. 1984b). Reduced skin blood flow for a given core temperature and
consequently, dry heat exchange potential (Nadel 1980; Fortney et al. 1981) as a result of greater core-skin
temperature gradients and hypovolemia induced reductions in cardiac preload may alter the activity of atrial
baroreceptors, and their afferent input to the hypothalamus (Sawka et al. 2011). Sequential reductions in atrial
filling pressure might modify neural information to the hypothalamic thermoregulatory centres, which provide a
central control skin blood flow and sweating (Fortney et al. 1981), in addition to peripheral changes at the sweat
gland following elevated sweat responses during exercise-heat stress (Fox et al. 1964; Buono et al. 2009;
Lorenzo and Minson 2010). Additionally, hypohydration-mediated hypovolemia increases plasma noradrenaline
concentration; this increase is associated with increased cutaneous vascular resistance (vasoconstriction) thus
reducing blood flow during exercise heat stress (González-Alonso et al. 1995).

2.3.4

Sudomotor adaptations to heat acclimation

The heat balance equation (Equation 2.1) gives the rationale for elevated sweat rates in hot versus temperate
conditions for the same exercise intensity. A lesser gradient for heat dissipation to the environment from the skin
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signals a greater requirement for evaporation, and consequently, increased sweat losses acutely. Typical sweat
losses range from 2 – 10 L.d-1 across a spectrum of sedentary to very active persons in temperate to hot climates
(Sawka and Montain 2000), see Figure 2.20. Clothing and training further augment sweat losses even in the
absence of extreme heat and/or humidity. Performance of high-intensity exercise is known to elicit sweat rates
exceeding 2.5 L.hr-1 (Sawka and Montain 2000), with evidence suggesting an upper threshold of 3.7 L.hr-1 exists
(Armstrong et al. 1986b). High sweat losses have high consequential effects on homeostasis and this is stressed
more greatly in hot and humid conditions. Total body water is distributed between the intracellular and
extracellular fluid spaces, where free osmotic fluid exchange exists. As such, fluid losses are not limited to one
compartment and excessive sweat rates above that which can be replaced negatively impact upon the whole
organism. This is opposed to being a negative response acting on one system discreetly, perhaps with the
exclusion of the brain and liver (Nose et al. 1983).

Figure 2.20 Sweat rate under the four different environmental conditions. Values are mean (SEM). a, b, c, d
indicate a significant difference (p < 0.05) from corresponding values at 4°C, 11°C, 21°C, and 31°C, respectively
(Galloway and Maughan 1997).

Sweat rate (usually measured as mg.cm-1min-1) and total sweat loss (kg or Kg.hr-1; L or L.hr-1) have commonly
been reported to remain unchanged at absolute and relative exercise intensities in a range of humidity conditions
following short term heat acclimation (Chalmers et al. 2014). Current evidence (Armstrong and Maresh 1991)
suggests sweat rate elevations may require longer sojourns with more extensive exposures (Chinevere et al.
2008; Buono et al. 2009). Improved sweat rate after short periods is not impossible (Magalhães et al. 2006)
however potential differences in the rate of adaptation a result of the native climate for natural acclimatisation
(Bain and Jay 2011). Sudomotor sensitivity, an important component of the initial, rapid response to heat stress
and the early attenuation of heat gain (mL per 1°C increase in core temperature), has generally been reported to
remain constant (Hessemer et al. 1986; Cotter et al. 1997; Yamazaki and Hamasaki 2003; Patterson et al. 2004b),
or in some cases, increase (Shvartz et al. 1972; Brade et al. 2013) with heat acclimation.
Sudomotor adaptation is primarily required to enhance the evaporative cooling element of the heat balance
equation. Elevations in evaporative heat loss decrease the core and skin temperature, with the temperature for the
onset of sweating observed as reducing by 0.15–0.30°C (Gonzalez et al. 1974; Nadel et al. 1974; Roberts et al.
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1977; Hessemer et al. 1986; Armstrong and Kenney 1993; Cotter et al. 1997; Shido et al. 1999; Yamazaki and
Hamasaki 2003; Patterson et al. 2004a), see Figure 2.21. It is known that the earlier onset of sweating occurs
alongside the reduction in core temperature threshold for cutaneous vasodilation (Hessemer et al. 1986; Nielsen
et al. 1997; Buono et al. 1998; Yamazaki and Hamasaki 2003; Patterson et al. 2004a), demonstrating the
integrated systemic response to reduced heat storage, which culminates in greater sweat losses and greater actual
or potential heat exchange with the external environment.

Figure 2.21 Sweating latency, and Trec threshold for forearm (left) and chest (right) sweating following control
(CN) or heat acclimation (HA). * denotes significant effect of heat acclimation (Shido et al. 1999).
HA lowers the internal temperature threshold for the onset of sweating (Nadel et al. 1974; Roberts et al. 1977;
Sawka et al. 1989; Yamazaki and Hamasaki 2003), which in conjunction with a reduced T rec affords individuals
improved centrally mediated tolerance to exercise-heat stress via earlier onset and increased rate during heat
stress. Heat acclimation also induces peripheral changesat the sweat gland, augmenting sweat response to
exercise-heat stress (Fox et al. 1964; Buono et al. 2009; Lorenzo and Minson 2010), see Figure 2.22. Two
mechanisms exist where increased cholinergic sensitivity of the eccrine sweat gland and increased glandular
hypertrophy are augmented (Sato and Sato 1983). This mechanism was demonstrated most clearly utilising
acetyl choline infusion at pre and post acclimation, with the latter demonstrating increased sweating in
comparison to the former. Sweat response adaptations combine through central and peripheral mechanisms to
confer heat acclimation benefits by the aforementioned decreases in Tsk following evaporation. It is reductions in
peripheral temperature which become translated to the core, allowing a greater fraction of available cardiac
output to be directed to active muscles as opposed to cutaneous anatomy for heat dissipation.
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Figure 2.22 Effect of heat acclimation (Experimental group) on sweat rate in response to 1, 10, and 100 mM
Acetylcholine. * denotes difference from pre acclimation within concentration and group (Lorenzo and Minson
2010).
Recent data has been the first to quantify the beneficial effects of heat acclimation on whole body heat exchange.
Using direct calorimetry it was observed that whole body evaporative heat loss increased by ~11% after 14 days
of dry heat acclimation, this adaptation is due to a greater thermosensitivity of the sudomotor/evaporative
response and a greater rate of rise in evaporative heat loss within a given amount of time (Poirier et al. 2015).
This adaptation significantly reduced body heat storage, despite no change in core temperature during exercise.
The authors (Poirier et al. 2015) acknowledged that the majority (~70%) of the adaptive gains occurred within
the first 7 days of the fixed heat acclimation protocol and that they are retained for up to 2 weeks following
cessation of the heat acclimation protocol.

2.3.5

Metabolic adaptations to heat acclimation

Altered fuel utilisation, through decreases in muscle glycogenolysis is a positive metabolic adaptations to heat
acclimation (Kirwan et al. 1987). Reductions in respiratory exchange ratio following 8 days of heat acclimation
elicit reductions in blood glucose and lactate, with a concurrent increase in free fatty acid uptake and moderate
increases in leg blood flow when cycling, partially explaining the shift in fuel utilisation. There is an increased
reliance upon carbohydrates as a fuel source during exercise in the heat, likely due to the increase in relative
exercise intensity in comparison to the same workload in cool conditions. This appears to partially attenuate
during the development of heat acclimation (King et al. 1985; Young et al. 1985; Kirwan et al. 1987; Febbraio et
al. 1994; Febbraio 2001). Classic metabolic markers - reduced lactate accumulation, respiratory exchange ratio,
blood glucose concentration, and less depletion of glycogen from type I fibres at a given absolute exercise
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intensity have been reported following heat acclimation (Febbraio et al. 1994; Sunderland et al. 2008; Brazaitis
and Skurvydas 2010; Petersen et al. 2010). It has been observed that the VO2 is significantly reduced by ~5 %
during moderate-intensity exercise following heat acclimation/acclimatisation (Shvartz et al. 1972; Sawka et al.
1983a; Young et al. 1985; Houmard et al. 1990; Febbraio et al. 1994; Fujii et al. 2012). These findings are
supported by heat acclimation studies of longer duration. Improved utilisation of glycogen is an important
adaptation as a lower whole body metabolic rate would consequently, and favourably, decrease energy
expenditure, but with particular reference to the heat balance equation, reduce metabolic heat production. This
reduction would attenuate the rate of core temperature increase, and attenuate, thermoregulatory and
cardiovascular demands (Givoni and Goldman 1972; Houmard et al. 1990; Chalmers et al. 2014). A reduction in
exercising heart rate (Febbraio et al. 1994; Sunderland et al. 2008; Garrett et al. 2009; Petersen et al. 2010;
Buchheit et al. 2011; Fujii et al. 2012; Garrett et al. 2012) and ventilation (Fujii et al. 2012) at the same absolute
workload post acclimation would supports this theory

2.3.6
2.3.6.1

Perceptual adaptations to heat acclimation
Perceived exertion

The rating of perceived exertion (RPE) of matched absolute work increases with elevations in ambient
temperature, see Figure 2.23 (Galloway and Maughan 1997). Evidence is conflicting in regard to the changes in
perceived exercise exertion following heat acclimation. It has been suggested (Armstrong and Maresh 1991) that
the rating of perceived exertion (RPE (Borg et al. 1985)) decreases following 3-6 repeated heat exposures, this
perceptual change, occurs in conjunction with, and is perhaps mediated by, a reduction physiological strain
(heart rate, core temperature, and thermal comfort (Aoyagi et al. 1997)). Within our laboratories it has been
shown RPE significantly decreased in hot conditions by the third day of heat acclimation (Castle et al. 2011),
daily monitoring of changes in RPE over nine heat acclimation session saw a plateau following the 7th session in
accordance with (Armstrong and Maresh 1991). Despite reductions in markers of physiological strain, changes
in RPE following heat acclimation are not always observed (Pandolf et al. 1988; Lorenzo et al. 2010; Fujii et al.
2012; Brade et al. 2013). The nature of the protocol may explain the disparity of the results, particularly when
exercise performance is self-regulated or the requirement is for maximal performance rather than a constant
absolute intensity (Fujii et al. 2012; Brade et al. 2013; Chalmers et al. 2014).
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Figure 2.23 Rating of perceived exertion (RPE) during the first 50 min of exercise under the four different
environmental conditions. Values are mean (SEM). a, b, c, d indicate a significant difference (P < 0.05) from
corresponding values at 4°C, 11°C, 21°C, and 31°C, respectively (Galloway and Maughan 1997).

Despite increased RPE with heat stress being an important aspect of the reduction in self-paced performance, it
is unknown if the remaining loss of efferent motor cortical output is the result of a perceptually unwilling or
physiologically incapable participant. The same exercise task in the heat is generally perceived as more difficult
(elevated relative perceived exertion) and uncomfortable (elevated thermal discomfort) than in temperate
conditions (Gagge et al. 1969; Pandolf et al. 1972) with supraspinal fatigue after exercise in the heat observed,
despite a similar degree of central and peripheral fatigue as in normothermic control trials (Goodall et al. 2015).
There are several reasons why the conscious sense of effort would be higher during exercise-heat stress. An
increased relative intensity %V O2max induces greater cardiopulmonary stress (heart rate and respiration) and
associated elevated perceived exertion (Pandolf 1978) and the warmer/wetter skin induces elevated thermal
discomfort (Gagge et al. 1969; Pandolf et al. 1972). The ability to sense skin wetness and humidity is critical for
behavioural and autonomic adaptations; humans do not have specific skin receptors for sensing wetness. It has
been observed that individuals perceived warm-wet and neutral-wet stimuli as significantly less wet than coldwet ones, although these were characterized by the same moisture content (Filingeri et al. 2014). Additionally,
cutaneous cold and tactile sensitivity can be diminished by a reduction in the activity of A-nerve afferents, thus
with wetness perception significantly reduced it can be proposed that behavioural thermoregulation will be
augmented in the same manner (Attia 1984; Flouris 2011; Filingeri et al. 2014). The brain interprets the
perception of wetness in a rational fashion, taking into account the variance associated with thermal and
mechanic- afferents evoked by the contact with wet stimuli, and comparing this with a potential neural
representation of a “typical wet stimulus”, which is based on prior sensory experience (Filingeri et al. 2014).
Thus, a rationale is also presented for attenuated behavioural thermoregulation (Flouris 2011) in those
acclimated to environments inducing elevated skin wetness i.e. heat stress.

2.3.6.2

Thermal comfort

Significant improvements in thermal comfort (Sunderland et al. 2008; Petersen et al. 2010; Daanen et al. 2011),
and sensation (Petersen et al. 2010; Castle et al. 2011) are commonly reported following heat acclimation, thus
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reducing the onset of behavioural thermoregulation that may affect exercise performance, or adherence to a
workload in hot conditions. The measurement of thermal sensation using a scale from very cold to very hot is
commonplace within the field due to its distinct relationship with thermal, but not cardiovascular measures
(Toner et al. 1986). Thermal comfort and sensation are associated with a multitude of factors discussed
previously, but appear primarily driven by deep body (core) and peripheral (skin) temperature. Enhancing
thermal comfort (associated with a lower core temperature following heat acclimation (Febbraio et al. 1994;
Sunderland et al. 2008; Daanen et al. 2011; Fujii et al. 2012; Garrett et al. 2012; Brade et al. 2013)) is likely to
improve the perception of effort and fatigue (Noakes et al. 2005; Sunderland et al. 2008), especially in hot
conditions in a similar manner to that described in relation to RPE and the explicit relationship both have with
behavioural thermoregulatory strategies.

2.3.7

Effects of heat acclimation on exercise performance in the heat

Though performance (in any environment) is not the primary focus of this thesis, acknowledgement of the
detrimental effects of hyperthermia/hypoxia on exercise performance is a useful method for contextualising the
physiological systems under strain, and thus in requirement of adaptation. Heat strain has been ubiquitously
shown to impair aerobic endurance performance at intensities ranging from walking (Adolph 1969) to marathon
race performance in the field (Ely et al. 2007). This was elegantly contextualised recently in respect to
established athletics distances where notable decreases in performance are observed in distance races exceeding
5,000m see Figure 2.24 (Guy et al. 2014).
Controlled laboratory experiments also yield the same observations whereby measurement of physiological
predictors of performance - VO2max; time to exhaustion (TTE) (constant work-rate); and/or time trial (TT) tests
(self-paced) - which measure either the total power output completed during a defined period, or the time to
complete a specific total power output or distance are quantified (Sawka et al. 2011). It is well established that
heat stress impairs maximal-intensity exercise and/or VO2max (Klausen et al. 1967; Rowell et al. 1969b; Pirnay et
al. 1970; Sawka et al. 1985a; Nybo et al. 2001; Arngrímsson et al. 2003; González-Alonso and Calbet 2003;
Wingo and Cureton 2006) across a broad range of aerobic fitness levels (Sawka et al. 1985a), Figure 2.25.
VO2max reductions are proportionate to the skin temperature (from 32°C to 38°C) elevation (Arngrímsson et al.
2003) and are likely mediated by an inability to achieve maximal cardiac output (Rowell et al. 1966), due to the
previously discussed attenuation of stroke volume resulting from cutaneous blood pooling for heat dissipation
(Rowell 1974).
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Figure 2.24 Comparative mean ± 95 % CL percentage change of performance in temperate (≤25 °C) vs hot (≥25
°C) conditions from International Association of Athletics Federation (IAAF) World Championship track events
from 1999–2011 for a males and b females. Positive percentage indicates faster performance, and negative
percentage indicates slower performance in hot conditions (Guy et al. 2014).

Figure 2.25 Maximum aerobic power values for the pre- and post-acclimation tests in both temperate and hot
environments (Sawka et al. 1985a)
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Submaximal TTE and TT studies, which reflect athletic performance more closely than a physiological
performance marker such as V O2max, demonstrate that heat stress degrades aerobic exercise performance
(MacDougall et al. 1974; Galloway and Maughan 1997; Tatterson et al. 2000). A seminal TTE study by
Galloway and Maughan (Galloway and Maughan 1997) compared graded heat stress on TTE (@ 70% VO2max).
Using an ambient temperature range of 4°C - 31°C (with 70% relative humidity), TTE was ~42 min shorter
(44%) in the hot (31°C) condition when compared with the optimum temperature of (11°C) , see Figure 2.26.
Acute physiological responses at the end of the TTE were higher in 31°C compared to 11°C; core temperatures
(~40°C vs. 39.5°C), skin temperatures (35°C vs. 25°C), and heart rates (~175 vs. 165 b.min-1) demonstrating the
traditionally recognised cardiac output impairment as a consequence of an increases requirement to dissipate the
metabolic heat production (Rowell 1974). Similar performance and physiological data have also been presented
when increasing core and skin temperature via water suit perfusion (MacDougall et al. 1974), and in a TT in hot
ambient conditions whereby cardiovascular stress is accelerated (Tatterson et al. 2000; Périard et al. 2011a).

Figure 2.26 Time to exhaustion under the four different environmental conditions. Values are mean (SEM). a, b,
c, d indicate a significant difference (p < 0.05) from corresponding values at 4°C, 11°C, 21°C, and 31°C,
respectively (Galloway and Maughan 1997).
The physiological mechanisms for impaired submaximal intensity performance in the heat are much debated
(Cheung and Sleivert 2004; Nybo 2008; Cheuvront et al. 2010). Viewpoints are commonly driven by the
administration of the assessment with interactions between duration, intensity, hydration status, and external
environment yielding subtly different interpretations. Heat stress eliciting broad systemic disruption to
homeostasis, including cardiovascular strain (Rowell 1974), glycogen depletion (Febbraio 2000), perceptual
discomfort (Pandolf 1978; Cabanac 2006), and central nervous system dysfunction (Nybo and Nielsen 2001a)
are commonly implicated, thus may contribute alongside cardiovascular strain which is considered the primary
mechanism degrading submaximal-intensity performance in the heat (Rowell 1974). More recent data
evidencing preservation of skeletal and/or brain blood flow during exercise heat stress (González-Alonso et al.
2008; Nybo 2008) has partially challenged that viewpoint.
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A high core (brain) temperature is the primary alternative mechanism [via central nervous system (CNS)
dysfunction] proposed as responsible for the impaired submaximal aerobic performances that accompany heat
stress (Nielsen et al. 1993; González-Alonso et al. 1999b; Nybo and Nielsen 2001b). The high core temperature
argument is based on the assumption that a “critical” core temperature threshold of ~40°C represents a safetybrake for catastrophic hyperthermia, or represents the physiological precipice for a downward trend in
performance (Nielsen and Nybo 2003; Nybo 2007). Therefore, the studies used to support the high core
temperature argument for limiting aerobic exercise performance (Nielsen et al. 1993; González-Alonso et al.
1999b; Nybo et al. 2001) have all induced high core temperatures, but also with higher skin temperatures in heat
stress compared to the control trial. No study, to date, has demonstrated that high core temperature alone
(without co-existing high skin temperature) will degrade aerobic performance. The determination of this will
likely require a sophisticated experimental design to disassociate the two integrated heat sources as discussed
below.
Nielsen and colleagues (Nielsen et al. 1993) reported TTE (60% VO2max) performance (48 min) as coinciding
with the attainment of a core temperature approximating 40°C, and skin temperature of ~37°C. Gonzalez-Alonso
(González-Alonso et al. 1999b) manipulated initial body temperatures prior to a TTE (60% VO2max) in a hot-dry
environment by precooling, no-precooling and preheating the subjects with the attainment of a core temperature
of ~40°C preceding exhaustion. Elevated skin temperature (~37°C) and heart rates (~196 b.min-1) near agepredicted maximum also occurred making disassociation between cardiovascular strain and CNS disruption
difficult. Even when the rate of heat storage is manipulated by cooling, the skin with water perfusion increased
skin temperature (35.6°C vs. 38.4°C) occurs and shortens TTE (56 vs. 31 min), with participants reporting core
temperatures near ~40°C (González-Alonso et al. 1999b).
As discussed with regards to behavioural thermoregulation, skin temperature appears a more pertinent marker of
impaired submaximal exercise performance in the heat. High skin temperature (>35°C) accompanied by modest
core temperature increases are known to impair performance and facilitate early fatigue during exercise heat
stress, Figure 2.27. A preloaded TT (preceded by 30 min @50% VO2max) performed in temperate (20°C) and hot
(40°C) conditions induced similar core temperatures (~38.2°C) and heart rates, but modest (31°C) and high
(36°C) skin temperatures, with high skin temperature impairing performance by 17% (Ely et al. 2010). A large
increase in skin temperature (~36-37°C) and low core temperature (<38.5°C) is commonplace in uncompensable
heat stress conditions eliciting large cardiovascular drift (Montain et al. 1994) suggesting that high skin
temperature, and associated cardiovascular strain, can be the primary mechanism mediating degraded TT and
TTE performance during heat stress.
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Figure 2.27 Mean rectal temperature (top) and weighted mean skin temperature (bottom) at rest, during 55 min
of exercise, and at exhaustion in four environmental conditions. Pooled mean errors are shown to indicate the
variance at each timepoint. (Galloway and Maughan 1997).

A core temperature of ~40°C is not critical, or an indicator that fatigue is imminent, as discussed by the above
evidence from laboratory experiments where high core temperature always exists alongside high skin
temperatures and the unavoidable substantial cardiovascular strain. Within athletic competition, distance runners
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during races have reported core temperatures > 40°C, without performance detriment or illness (Robinson 1963;
Maron et al. 1977; Byrne et al. 2006). Additionally, running performance (velocity) is preserved despite
attainment of core temperature ≥40°C when mean skin temperature is relatively low (26-30°C) (Ely et al. 2009;
Lee et al. 2010a). The minimal lethal body temperature for humans is ~42°C (Bynum et al. 1978), and human
CNS cells can tolerate blood temperatures in excess of 41°C without harm (Dubois et al. 1980), even without
preconditioning towards acquired thermotolerance (discussed later; 2.3.8.1.1 Thermotolerance).
Hyperthermia degraded CNS function links core temperature and altered brain wave (EEG), motor-neural
output, and sensory changes consistent with fatigue (Nielsen et al. 2001; Nybo and Nielsen 2001a; Nybo and
Nielsen 2001c). These theories may be confounded by reduced brain blood flow (Nielsen et al. 2001; Nybo and
Nielsen 2001b; Rasmussen et al. 2004; Trangmar et al. 2014) – a cardiovascular mediated mechanism
(González-Alonso et al. 2004; Nybo and Rasmussen 2007) associated with high skin temperature, and impaired
neuromuscular function (Thomas et al. 2006), whereby ~50% of the neuromuscular fatigue effects attributed to a
hyperthermic brain can be explained by intramuscular hyperthermia (Todd et al. 2005). A simple explanation,
yet to be fully tested under experimental conditions, may arise from the prescription of the exercise intensity, in
particular to baseline data achieved in normothermic environments, or whereby a physiological threshold, such
as the anaerobic threshold, or compensable to uncompensable metabolic heat production is surpassed. Impaired
aerobic performance (TTE, TT) during heat stress might be mediated by the reduced VO2max and associated
increased relative exercise (%VO2max) intensity (Cheuvront et al. 2010). VO2max decreases incrementally with
increased (ambient temperature from 25 to 45°C and mean skin temperature from 31.7 to 38.4°C) heat stress
(Arngrímsson et al. 2003). When VO2max is decreased by heat stress, the resultant increased %VO2max during
constant-rate exercise (TTE) would be more difficult to sustain (earlier fatigue), or would require a slowing of
self-paced exercise (TT) to achieve a similar sensation of effort (Cheuvront et al. 2010).
To summarise, earlier fatigue or reductions in work rate during heat stress is most likely modulated by
physiological mechanisms (reduced cardiac reserve and V O2max increasing perceived exertion and thermal
discomfort to induce associated behavioural changes toward sensory optimum (Cabanac 2006; Cheuvront et al.
2010). The “critical” core temperature theory proposes high brain temperature as impairing CNS function and
the drive to exercise (Nybo and Nielsen 2001a), the “relative exercise intensity” theory contrasts this by
proposing that high skin temperature degrades cardiac reserve and VO2max to increase relative %V O2max and
relative sensation of effort (e.g., perceptual exertion and thermal discomfort) to induce slowing of self-paced
work (Cheuvront et al. 2010). However, both of these theories lack the empirical support of the traditional
cardiovascular strain model. The relative exercise intensity theory does not discount any potential contribution of
deteriorated CNS function (from either central (brain) or peripheral (muscle) temperatures), but emphasizes the
physiological contributions of high skin temperature and reduced cardiovascular reserve acting through
behavioural adjustments (Cheuvront et al. 2010), suggesting an integrated neurophysiological mechanism.
Interventions maintaining endurance performance in the heat should therefore, focus on achieving three
adaptations. A reduction in cardiovascular strain can be achieved by improving ventricular filling, thus
maintaining the frank-starling element governing stroke volume. Additionally, reductions in skin temperature via
increased evaporative sweat loss, and core temperature via reduced heat storage, would reduce the magnitude of
the shift of cardiac output to the skin thus preserving available blood for non-thermoregulatory purposes. Heat
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acclimation or acclimatisation mediated expansions in plasma volumes, reductions in skin and core temperature
and improved sweat rate and sweat efficiency are therefore, effective in improving aerobic endurance
performance . A key paper by Lorenzo et al., (Lorenzo et al. 2010) identified that heat acclimation (10 exposures
of 90 min at 50%VO2peak in 40°C and 30% R.H.) increased maximal cardiac output (+2.2 L.min-1) as a result of a
6.5% increase in plasma volume. This physiological adaptation increased VO2max in both cool and hot conditions,
suggesting heat acclimation as a capable intervention to appease both the traditional cardiovascular strain and
relative intensity theories of impaired exercise performance. During a 60 min TT the authors (Lorenzo et al.
2010) observed increase performance (total work) with the increased time-trial performance, also proposed as
being in part due to the increased VO2max reducing the relative exercise intensity (%VO2max). A reduced relative
exercise intensity is associated with improved exercise endurance (Gleser and Vogel 1973), with heat
acclimation known to reduce submaximal oxygen uptake requirements in a temperate and hot environment
(Sawka et al. 1983a). Therefore, this adaptation would also act to reduce relative exercise intensity. Another
mechanism proposed by the authors (Lorenzo et al. 2010) was that heat acclimation increased the core-to-skin
temperature gradient (by lowering skin temperature, perhaps by earlier onset of sweating and evaporative heat
loss) (Kenefick et al. 2007). The widened gradient would reduce skin blood flow requirement at a given
workload and potentially allow a greater percentage of any given cardiac output to be directed to active skeletal
muscle (Lorenzo et al. 2010; Sawka et al. 2011). It has been observed (Chen et al. 2013) that a significant
increase in the TTE at maximal intensity follows adaptation. In contrast to previous data (Lorenzo et al. 2010),
VO2max is not concurrently improved, the duration of the heat acclimation protocol is a potential reason with
acceptance that a true VO2max is difficult to achieve in the heat compared to normothermic conditions. This may
support the suggestion that the lactate threshold is enhanced following heat acclimation, an observation
evidenced in the earlier study by (Lorenzo et al. 2010), Figure 2.28. Though implementing heat acclimatisation,
as opposed to heat acclimation, it has been shown that following two weeks of acclimatisation, trained cyclists
are capable of completing a prolonged TT in a similar time in the heat compared to performance during a pre
acclimatisation baseline in cool conditions (Racinais et al. 2014b). In an unacclimatised state the cyclists
experienced a marked decrease in power output during a TT performed in the heat (Racinais et al. 2014b).
Similar HR in the post acclimatisation hot TT as the cool TT, alongside similar core temperatures suggest that
reduced cardiovascular strain was the primary adaptation that allowed participants to maintain power output
following heat acclimatisation (Racinais et al. 2014b). It is unknown whether these beneficial adaptations extend
to low oxygen environments e.g. at altitude, discussion of the potential for this pathway are discussed later, see
2.5 Role Of Heat Acclimation In Hypoxia.
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Figure 2.28 Effect of heat acclimation on VO2max (A), total work done during a 1-h time trial (B), and power
output at lactate threshold (C) in a cool (13°C) and hot (38°C) environment. * denotes p < 0.05 vs. preacclimation within environmental condition (Lorenzo et al. 2010).
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Figure 2.29 Relationship between pre- and post-acclimation in performance variables of heat acclimation (left)
and control (right) groups under hot (38°C) and cool (13°C) conditions. A: maximal aerobic power (VO2max). B:
time trial performance. C: lactate threshold (Lorenzo et al. 2010).
A number of recent publications have proposed neuromuscular inhibition as a mechanism contributing to the
loss of performance in hot and humid conditions, though not the focus of this thesis, recent work in the field
suggests that strategies to reduce heat gain, such as heat acclimation, may be effective at attenuating some of
these negative aspects of heat stress on muscular contraction (Périard et al. 2011b; Ross et al. 2012; Girard et al.
2013; Howells et al. 2013; Girard and Racinais 2014). This section, like many before it would benefit from some
visual representation of the data
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2.3.8

Cellular adaptations to heat stress

2.3.8.1

Heat Shock Proteins

The first reporting of Heat Stress Proteins, also Heat Shock Proteins (HSP) in the scientific literature was by
Ritossa who noted a new puffing pattern in response to different temperature in drosophila melanogaster, fruit
fly larvae (Ritossa 1962). Following that 1962 study, a growing body of research has begun to develop based
around HSPs and the cellular mechanisms utilised by the ubiquitous proteins found in bacteria, animal and more
recently human organisms when coping with disruption to homeostasis (Kregel 2002). HSPs are categorised
according to molecular weight, measured in kilo Daltons (kDa), Table 2.9 gives a summary of known HSP
ordered by size, with function and cellular location also included. HSP27 (sometimes referred to as small heat
shock proteins (sHSP)), resides in the cytosol and nucleus and has antiapoptotic and microfilament stabilization
functions. HSP60 has been implicated in mitochondrial protein import and macromolecular assembly. The
HSP70 family (HSP72, HSP73, HSP75, and HSP78) resides in the cytosol and nucleus (HSP72 and HSP73),
endoplasmic reticulum (HSP78), and mitochondria (HSP75) and has molecular chaperone (HSP73, HSP75, and
HSP78), cytoprotective (HSP72) and antiapoptotic (HSP73) functions (Kregel 2002). HSP90 is a chaperone
protein that assists other proteins to fold properly, stabilizes proteins against heat stress, and aids in protein
degradation and as such, has a biological role close to that of the 70kDa HSPs (Kampinga et al. 2009). In
addition, HSPs modulate inflammatory cytokine production offering cytoprotection from endotoxin exposure
(Moseley 2000b), and the heat stroke associated systemic inflammatory response syndrome (SIRS) (Leon and
Helwig 2010).
Table 2.9 Size, proposed function and cellular localisation of HSP families (Adapted from Kregel, 2002)
HSP size
(kDa)

Cellular Location

Proposed Function

HSP27

Cytosol, nucleus

Microfilament stabilisation, Antiapoptotic

HSP60

Mitochondria

Refolds proteins and prevents aggregation of denatured proteins, Proapoptotic,
Antiapoptotic

HSP72

Cytosol, nucleus

Protein folding, Cytoprotection

HSP73

Cytosol, nucleus

Molecular chaperones

HSP75

Mitochondria

Molecular chaperones

HSP78

Endoplasmic Reticulum

Cytoprotection, Molecular chaperones

HSP90

Cytosol, Endoplasmic
Reticulum

Regulation of steroid hormone receptors, Protein translocation

HSP110/104

Cytosol

Protein Folding

HSP70 family:

HSP responses increase rapidly upon presentation of the stress stimuli and have been observed as retaining the
response for periods lasting for several days after the removal of the stress exposure. Following an initial heat
exposure, mRNA levels peak within an hour, and subsequent HSP synthesis following gene transcription
becomes dependent on the severity and cumulative stress (Maloyan et al. 1999). The greater the initial stress
dose, the greater the magnitude and duration of accumulated HSP (Kregel 2002). The expression of HSP induced
thermotolerance – a cellular protective pathway in which HSPs have been well implicated following heat stress
occurs within several hours of the stress and lasts 3–5 days in duration (Landry et al. 1982). In relation to this
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thesis, both heat exposure and high-intensity aerobic exercise are known to elicit HSP synthesis; however, the
combination of exercise and heat exposure elicits a greater HSP response than either stressor independently
(Skidmore et al. 1995).

2.3.8.1.1

Thermotolerance

A specific, important role of HSPs has long been suggested as providing a cellular defence to stress stimuli
(Moseley 1997). Thermotolerance, acquired thermotolerance, or acquired cellular thermotolerance is a sub
division of the previously described phenotypic adaptations to heat stress, usually conferred through heat
acclimatisation or acclimation. Thermotolerance 2 is most explicitly and extremely described as a cellular
adaptation caused by a single, or multiple, severe but nonlethal heat exposure which allows the organism to
survive a subsequent and otherwise severe heat stress (Moseley 1997). Cellular abnormalities associated with
severe heat stress include protein denaturation, translational inhibition, ribosomal biogenesis arrest, and
cytoskeletal damage, all of which are reduced by thermotolerance (Mizzen and Welch 1988; Welch and Mizzen
1988; Welch 1992). Three essential components of thermotolerance have been proposed (Moseley 1997), each
of these are allied to stabilising cellular abnormalities. First, improved survival following exposure to an
otherwise lethal heat stress at either a cellular or whole organism level. The second characteristic is increased
synthesis of HSPs which are the likely protagonists facilitating the survival of the cell or organism. The third and
final component, is a short and ultimately transient duration within the thermotolerant state. It is noteworthy that
rodents with fully developed acquired thermotolerance can survive ~60% more heat load than what would have
been initially lethal (Fruth and Gisolfi 1983). It was suggested that (Moseley 1997) thermotolerance and heat
acclimation were independent, largely perhaps due to a paucity of data to suggest HSPs increased following HA.
However, more recent discussion on the topic suggests that a shared pathway exists, particularly with regards to
Heat Shock Protein 72 (Hsp72) where augmented basal levels and increased inducibility are now commonly
observed responses to a sufficient dose of heat stress (Sawka et al. 2011).

2.3.8.2

Heat Shock Protein 72 (HSP72) responses to exercise and exercise – heat stress

The primary focus of this thesis will be on the ubiquitous HSP70 family of proteins, which are known to be
temperature sensitive and highly conserved of the HSP (Kregel 2002). The HSP70s are ATP-binding proteins
and demonstrate a 60–80% basal identity among eukaryotic cells (Bardwell and Craig 1984; Craig 1985;
Lindquist 1986). It was initially proposed that there were four distinct proteins in the HSP70 group (HSP72,
HSP73, HSP75, and HSP78), this has since been expanded to include 13 human genome encodings (Kampinga
et al. 2009).
Proteins in the HSP70 family share common protein sequences, but are synthesized in response to different
stimuli (Kregel 2002). The 73-kDa protein (HSP73 or Hsc70) is constantly produced and is referred to as
“constitutive” HSP70, whereas the 72-kDa protein (HSP72 or Hsp70) is highly inducible and its synthesis
increased in response to multiple stressors (Kregel 2002). It is HSP72 (gene name HSPA1A, human gene ID
3303 (Kampinga et al. 2009)) which is most widely researched with regards to exercise –heat stress due to the
magnitude and sensitivity of the protein’s inducibility – data supporting this is discussed in the coming chapters.
2

The term Thermotolerance will now be used to describe adaptive pathways associated with cellular protection from thermal stress within
this thesis.
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There are at least two regulatory elements in the 5’ flanking region that interact with heat shock transcription
factors (HSFs) (Kregel 2002). Kregel (2002) describes the mechanism by which these HSFs bind to the promoter
element during stress and are sufficient to induce Hsp70 transcription - Heat shock factors (HSFs), present in the
cytosol, are bound by heat shock proteins (HSPs) and maintained in an inactive state. A broad array of
physiological stimuli (“stressors”) are thought to activate HSFs, particularly HSP72, causing them to separate
from HSPs (see Figure 2.30 (Kregel 2002)), these include heat stress, hypoxia, hyperoxia, inflammation and
injury, increases in metabolism and intracellular calcium, increased free radicals/reactive oxygen species,
decreased glycogen, decreases adenosine triphosphate, acidosis and lactate accumulation, induction of stress
hormones, stress to intermediate cell filaments and ischaemia reperfusion, particularly in the heart (Fehrenbach
and Northoff 2001; Gisolfi et al. 2001; Liu and Steinacker 2001; Kregel 2002). HSFs are phosphorylated by
protein kinases and form trimers in the cytosol (Kregel 2002). These HSF trimer complexes enter the nucleus
and bind to heat shock elements (HSE) in the promoter region of the Hsp70 gene. Hsp70 mRNA is then
transcribed and leaves the nucleus for the cytosol, where new Hsp70 is synthesised (Kregel 2002). Proposed
mechanisms of cellular protection for HSPs include their functioning as molecular chaperones to assist in the
assembly and translocation of newly synthesized proteins within the cell and the repair and refolding of damaged
(e.g., stress-denatured) proteins (Kregel 2002).

Figure 2.30 Summary of some of the major physiological signals involved in activation of the inducible form of
HSP70 (Kregel, 2002).
Increases in HSP72 protect the cardiovascular system primarily during heat stress/stroke (Yamada et al. 2008),
the mechanism identified appears to be via increases specific to the peripheral vasculature (Xu and Wick 1996),
and cardiac myocytes (Jäättelä and Wissing 1993). At a cellular level, HSP72 has demonstrated as improving
tolerance to inflammatory cytokines (Jäättelä and Wissing 1993; Müller et al. 1993; Xu and Wick 1996), and
improved fibroblast heat tolerance (Lewis and Pelham 1985). Within animal models, overexpression of HSP72
reduces arterial hypotension, cerebral ischaemia and the resulting hypoxia, increased thermotolerance and
prolonged survival under heat stroke (Lee et al. 2006).
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Transcription of Hsp72 mRNA is primarily regulated by Heat shock factor protein 1 (HSF-1) as part of the Heat
Shock Response (Kregel 2002). HSF1 activation involves a complex series of regulatory events, including
nuclear localization, oligomerisation and acquisition of HSE–DNA binding, ultimately resulting in the
transcription of Hsp72 mRNA (Sarge et al. 1993) in response to the thermal and physiological challenge
(McClung et al. 2008; Maloyan et al. 2011). Sufficient mRNA transcription then leads to increase protein within
the stressed cell.
In humans, baseline HSP72 and HSP90 levels in peripheral blood mononuclear cells (PBMC) are increased after
6 to 10 days of long term heat acclimation (Yamada et al. 2007; McClung et al. 2008). The two larger HSPs
measured appear related with regards to exercise heat stress, HSP72 increased by ~21% (showing a correlation
with HSP90 increases ~18%; (McClung et al. 2008)). This does not appear true of HSP27, which fails to respond
to exercise heat stress in the same way as HSP72, at least with regards to extracellular concentration (Périard et
al. 2012b). Later, in vitro analysis of PBMC cells obtained from 10 day heat acclimated individuals exhibited
greater blunting of the HSP response (compared to unacclimated) to heat shock (43°C for 1 h) and this blunted
response was directly related to the degree of physiological heat acclimation (lower core temperature) (McClung
et al. 2008); a caveat from the study being that 43°C heat shock falls outside of a likely physiological range see
Figure 2.31.

Figure 2.31 Ex Vivo expression of HSP72 and HSP90 in response to incubation at described temperatures
before (Day 1) and after (Day 10) heat acclimation. * denotes significant increases from 37°C (representing
resting body temperature). † denotes significant changes between Day (McClung et al. 2008)
Both final Trec, and the change in Trec influence iHSP72 expression during HA. These variables are relevant to
eHSP72 release (Périard et al. 2012b) and indicate elevated thermal parameters, most closely controlled using
isothermic heat acclimation are important when administering exercise-heat exposures to increase
thermotolerance. Although there may exist an internal temperature threshold for iHSP72 induction, it is also
possible that this response occurs once a certain variation of internal temperature is reached (Magalhães et al.
2010a). Acute exercise-induced increases in iHSP72 before heat acclimation were observed in their study
(Magalhães et al. 2010a), whereas previously such increases were not evident until the sixth day (Yamada et al.
2007). Different internal temperatures induced in the two studies may explain this discrepancy in response.
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Magalhães et al., (2010) achieved Trec over 39°C; with maximal mean Trec of 39.2°C reported. In contrast
Yamada et al. (2007) observed lower Trec similar to that of Hom et al. (2012), where Trec mean maximum of
38.48°C was achieved. Although the mean Trec of Yamada et al. (2007) and Hom et al. (2012) overlap with other
ranges of observed post-exercise Trec show increases in mRNA Hsp72 or iHSP72 (Magalhães et al. 2010;
McClung et al. 2008), Trec data broadly show lower temperatures, potentially below a signalling threshold will
not elicit stress at a cellular level. An internal temperature of 39.0°C for a duration of 30 min has been
sufficiently stressful to induce an increase in iHSP72 based upon Magalhães et al., (2010), consequently mean
temperature is not the most pertinent marker of an increase, rather the rate, or change of core temperature is
likely of greater importance to signal HSF-1 to Hsp72 pathways.

Figure 2.32 Intracellular Hsp72 expression before (REST) immediately (POST) and 1 hr after (1h POST) heat
stress tests. White bars represent pre acclimation, and black bars post acclimation. * denotes a significant
increase from REST at the pre acclimation time point (Magalhães et al. 2010a).
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Figure 2.33 Relationship between change in iHSP72 expression and rectal temperature (Magalhães et al. 2010a).

A recent animal study confirmed that heat acclimation increased basal HSP72 in lung, heart, spleen, liver, and
brain and blunted the heat shock response of HSP72, demonstrating the non-tissue specific role of the protein
(Sareh et al. 2011) and its role across systems. In addition, HSP72 induction might be dependent upon
adaptability of the immune system in addition to the thermal challenge (Ogura et al. 2008). Recent data (Ruell et
al. 2014) observing that significantly lower lymphocyte HSP72 concentration occurred in runners with EHI, with
the possibility acknowledged that a lower lymphocyte Hsp72 concentration during exercise might predispose
these runners to develop EHI. The failure for different extracellular (plasma) HSP72 increases in comparison to
the intracellular changes of observed in EHI vs non-EHI runners support suggestions that different pathways and
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roles may exist between HSP72 protein locations. Intracellular HSP72, typically measured in muscle or
leukocytes functions within a cell to activate endogenous anti-inflammatory reactions thus offering
cytoprotection, extracellular HSP72 is measured in serum or plasma with a role as a stimulant for proinflammatory immune responses (Aoyagi et al. 1997; Moseley 2000a).

2.3.8.2.1

Extracellular role and exercise response of HSP72

Hsp72 concentration changes within blood in response to thermal and exercise stress (Marshall et al. 2006;
Yamada et al. 2007; Ogura et al. 2008; Magalhães et al. 2010; Périard et al. 2012). This form is referred to as an
extracellular Heat Shock Protein concentration (eHSP72). Hsp72 binds with high affinity to the plasma
membrane (Asea et al., 2000) and up-regulates expression of pro-inflammatory cytokines, tumour necrosis
factor-α, interleukin-1β and interleukin-6 in human monocytes. Circulating extracellular heat shock protein 72
(eHSP72) acts as an inflammatory molecule and induces cytokine production in immune cells (Asea, 2006). The
precise biological role of eHSP72 in response to exercise-heat stress has not been fully elucidated; it is however
believed to contribute to the exercise-related inflammatory reaction (Asea, 2003). Acknowledgements have been
made by Ogura et al., (2008) that body temperature elevation, and increased circulating catecholamines by
supplementation (Whitham et al. 2006) or exercise response (Whitham et al. 2007), in addition to thermal
change, increase eHSP72.
eHSP72 has been detected in peripheral circulation of healthy individuals (Pockley et al. 1998) and is known to
increase in response to single bouts of exercise (0.13 ± 0.10 vs 0.87 ± 0.24 and 1.02 ± 0.41 ng.mL-1 at rest, 30
and 60 minutes, respectively (Walsh et al. 2001)), (+0.88 ± 0.35 pg.mL-1 after 120 min (Febbraio et al. 2002)),
but appears to attenuate increases following repeated heat exposures i.e. Heat Acclimation (Magalhães et al.
2010a) Figure 2.32. Thermal, oxidative, metabolic and chemical stresses are well reported stimuli for increased
concentrations of eHSP72 (Welch 1992; Morimoto, 1994). Exercise in hot and humid environments increases
physiological strain on the body in comparison with temperate conditions (Galloway and Maughan 1997). When
combined with exercise (exercise-heat stress), environmental manipulation to induce hyperthermia (Fehrenbach
et al. 2001; Oishi et al. 2002; Moran et al. 2006; Whitham et al. 2007; Sandström et al. 2008; Iguchi et al. 2012)
have been reported as stimuli for further increasing eHSP72 compared to exercise alone. Indeed a strong
relationship exists between plasma eHSP72 and core temperature (Ruell et al. 2006; Sandström et al. 2009),
therefore changes in eHSP72 concentration during or following acute exercise-heat stress presenting thermal and
sympathetic challenge might be used to describe the magnitude of stress presented to an individual or system
exercising at the same absolute work load in different environments.
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Figure 2.34 Presentation of the Hsp70 response over the 15 consecutive exercising days. The bars represent the
percentage change in Hsp70 levels between resting and exercise. The line shows the resting values of Hsp70
over the 15 days (Sandström et al. 2008)
Repeated daily exposure to exercise and/or environmental stress results in sequential (i.e. day-on-day) increases
in eHSP72 expression (Sandström et al. 2008) . In vivo, such a paradigm is utilised in the attainment of a heat
acclimated (HA) phenotype (Magalhães et al. 2010; Lorenzo et al. 2010; Lorenzo et al. 2011; Hom et al. 2012),
with increases in iHSP72 expression accompanied by “classic” physiological adaptations (e.g. cardiovascular
stability; reduced core temperature at rest and during exercise; more rapid sudomotor onset and efficiency; etc.)
(Garrett et al. 2011). The response of eHSP72 to environmental factors has not been uniform, with significant
increases (Whitham et al. 2007; Yamada et al. 2007; McClung et al. 2008; Magalhães et al. 2010; Périard et al.
2012), or no change (Marshall et al. 2006; Watkins et al. 2007; Hom et al. 2012) from rested basal values
reported, with a relationship between eHSP72 and iHSP72, albeit potentially confounded by prior exertional heat
illness (Ruell et al. 2014) which is likely to fit a continuum rather than dichotomous paradigm.
It is likely that endogenous factors are more relevant signals for stress response than exogenous variables;
eHSP72 accumulation being one indicator of stress (Ruell et al. 2006). Hepatosplanchnic, vascular and brain
tissue, and peripheral blood mononuclear cells appear the principle sources of Hsp72 release into the systemic
circulation (Febbraio et al. 2002; Lancaster et al. 2004; Lancaster and Febbraio 2005b; Johnson and Fleshner
2006) and are therefore, the most likely systems where the magnitude of stimuli i.e. endogenous strain is most
pertinent. Périard et al. (2012) commented that the release of eHSP72 into extracellular locations is likely to
originate from varied tissues and cell types, each potentially affected by specific mechanisms of release and
various inducing factors.
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Concise reviews of the proposed active and passive mechanisms of eHSP72 release are presented by Lancaster
and Febbraio (2005), Fleshner and Johnson (2005) and Asea (2007). Briefly, it is proposed (Multhoff and
Hightower 1996) that exosomes secreted following the fusion of multivesicular bodies with the plasma
membrane, provide the secretory pathway for cells to release actively Hsp72 (Lancaster and Febbraio 2005). It
has also been proposed (Ogawa et al. 2011) that eHSP72 is triggered by circulating ATP during exercise. Further
to this, it has been reported that hormone receptor mediated pathways exist allowing elevation of eHSP72 during
stress (Johnson and Fleshner 2006). Authors demonstrated that norepinephrine may stimulate a receptormediated exocytotic pathway of eHSP72 release (Johnson and Fleshner 2006). An indirect consequence of
exercising at an elevated temperature is that of elevated cardiovascular demand and associated α-adrenergic
stimulation as a means for maintaining work rate and required demands to exercising muscle, whilst attempting
thermoregulation. Sympathetic activity occurring through physiological and thermal strain supports an
adrenergic receptor-mediated release mechanism. This mechanism is evidenced by the work of Whitham et al.,
(2006) whom observed caffeine supplementation and increased plasma catecholamines as elevating eHSP72.
The significance of a post-exercise increase in eHSP72 remains unclear. Therefore, its importance towards heat
adaptation is questionable. Immunological functions (Campisi et al. 2003) as a signals for cytokine and
inflammatory pathways in response to unaccustomed systemic or whole body stress may be important (Asea et
al. 2000). In a matched thermal environment, exercise intensity contributes to the rate of temperature increase
and the degree of hyperthermia (Mora-Rodriguez et al. 2008). Whilst exercise intensity alone has been
associated with increased iHSP72 (Liu et al. 1999; Milne and Noble 2002), and eHSP72 (Whitham et al. 2007;
Périard et al. 2012b), responses to hyperthermia and the sympathetic adrenergic stimulation of exercise offers a
further insight into eliciting the greatest response based upon endogenous criteria. Increased eHSP72 is
associated with higher plasma levels of catecholamines and heart rate achieved through caffeine supplementation
(post exercise Caffeine = +8.6 ± 1.3 ng.mL-1; Placebo = =5.9 ± 0.9 ng.mL-1) (Whitham et al. 2006), whilst it has
also been observed via passive heating methods (Exp 2.7 ± 2.1; Con 2.2 ± 1.9 ng.mL-1), that neither epinephrine
nor norepinephrine in isolation arere solely responsible for eHSP72 release (+200%) (Whitham et al. 2007). αadrenergic stimulation, notably through norepinephrine elevation (Nielsen et al. 1997; Ortega et al. 2006;
Whitham et al. 2006; Giraldo et al. 2010; Iguchi et al. 2012) are responsible for Hsp72 release into the
circulation (Johnson and Fleshner 2006), this alongside the work of Whitham et al. (2006, 2007) suggest a
requirement for individuals to be presented with sustained physiological challenge during exercise – heat stress
(Fleshner and Johnson 2005). Exercise intensity, or α-adrenergic stimulation via norepinephrine is likely
required to be above an intensity threshold to elicit significant eHSP72 response with the greater exercise
intensity data from Periard et al. (2012) leading to data contrasting that of Marshall et al. (Marshall et al. 2006).
The extent to which the adrenergic contribution is required is difficult to determine precisely, indeed it is a
limitation of the present study that catecholamine analysis was not performed. A mean HR, an indirect measure
of sympathetic activation (Rowell et al. 1987), of 153 ± 14 b.min-1 is required from the intensity 50% of VO2peak.
Periard et al. (2012) reported greater HR values than Rowell et al. (1987), reflecting the elevated work intensity.
Present data fails to elucidate the precise minimum requirement for sympathetic contribution to Hsp72
transcription or translocation as identified by other research (Johnson and Fleshner 2006) through exercise or
supplementary pathways.
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Figure 2.35 Extracellular Hsp72 responses to cycling at 60% and 75% V O2max in hot conditions. eHSP72
measured pre exercise, at exhaustion, and 24 hr post-test (Périard et al. 2012b).

It is proposed that sympathetic activity, most rudimentarily measured from exercising HR, is an important
component of the minimum endogenous criteria for increasing eHSP72 during exercise-heat stress, alongside the
thermal criteria. Rather than increased temperature directly modulating elevated eHSP72 expression, it appears
to be indirectly modulating it through increased HR, a reflection of increased adrenergic/catecholamine
contribution to exercise-heat stress (Rowell et al. 1987). It has been acknowledged that core temperature (Ruell
et al. 2006; Periard et al. 2012), rate of core temperature increase (Periard et al. 2012), and interestingly VO2max
are endogenous factors relating to Hsp72 increases (Périard et al. 2012). Périard et al. (2012) observed
significant differences in HR despite no difference in eHSP72 increases between groups (Figure 2.35, Figure
2.36). In light of this, further work appears warranted to determine the role parasympathetic/sympathetic drive
has in determining eHSP72 release during exercise-heat stress.
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Figure 2.36 Rate of increase in rectal temperature and heart rate during exercise to exhaustion at 60% and
75%V O2max in hot conditions (40°C and 50% relative humidity). Values are means ± SD for 16 subjects.
*Significant difference between 60% and 75%, P<0.005 (Périard et al. 2012b)

It is known that training status influences the basal and eHSP72 stress response to exercise-heat stress,
potentially allowing for the maintenance of higher intensity work which provides greater signals for eHSP72
increases. In addition, prior HA, or progress towards the phenotype via endurance training may increase the
immune response threshold for inducement of eHSP72 via exercise-heat stress. Njemini et al., (2004) also
observed that inflammatory status, and it’s variable nature is also linked to eHSP72. Therefore, eHSP72 may be
used as an appropriate marker of the cellular stress response to exercise heat stress, but it is not a suitable
indicator of the likely transcription of intracellular proteins required to elicit adaptations towards acquired
thermotolerance.
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2.3.8.2.2

Intracellular role and exercise response of HSP72

Data has evidenced increased HSP72 in the liver (Febbraio et al. 2002), adrenal medulla 13, heart (Skidmore et
al. 1995), skeletal muscle (Liu et al. 2000; Febbraio and Koukoulas 2000; Vogt et al. 2001), and leukocytes
(Fehrenbach et al. 2000b; Fehrenbach et al. 2001). The latter two locations are ideal for analysis, due to large
changes in metabolic homeostasis, high metabolic heat production and/or close proximity to heat production, and
ease of access to tissue. HSP72 comprises up to 20% of cellular protein (Donati et al. 1990), with the abundant
stress inducement a response to increased metabolic by-products during exercise induction i.e. lactate and
associated acidosis, free radical generation, and requirement for stress hormone release (adrenaline,
noradrenaline, adrenocorticotrophic hormone) (Blake et al. 1991; Maloyan and Horowitz 2002; Febbraio et al.
2004). The increases appear focused on cytoprotection of the organ (heart, liver, kidneys, gastrointestinal tract)
in which increases in body temperature have occured (Moseley 1997), particularly where the threat of a protein
denaturing 42°C temperature is most critical (Yamada et al. 2008). The increase in basal HSP72 and the
subsequent greater ability to bind to denatured proteins, and enable correct folding restoring cellular homeostasis
(Yamada et al. 2008) gives the mechanism to support their nomenclature as a molecular chaperone to maintain
cytoskeletal structure, and enhance cell survival (Kregel 2002).
Most pertinent to this thesis is the targeted intracellular leukocyte response to exercise, although research
determining the intracellular skeletal muscle response also yields a number of important observations, with
strong implications for exercise performance in conditions where ambient temperature is high, or available
oxygen is low. It was first observed (Ryan et al. 1991) that when core temperature exceeds 40°C, following a
period of running (30 -45 min) then walking (90 – 75 min) in very hot conditions (46°C 15% RH) that
leukocytes undergoing in vitro incubation at 41°C do not increase their HSP72 synthesis, likely due to increased
HSP72 attained during the prior heat exposure. This observation contrasted leukocytes which when incubated in
the same conditions following performance of the same exercise protocol in hot conditions (30°C, 40% RH)
maintained HSP72 synthesis with authors postulating that the lower environmental conditions failed to provide
sufficient endogenous stress to alter HSP72 kinetics. The HSP72 response has been observed as present in
monocytes and granulocytes, but not lymphocytes (Fehrenbach et al. 2000b; Fehrenbach et al. 2000a), this
following prolonged running with the increased HSP72 observable 24 hours following exercise cessation. The
same authors (Fehrenbach et al. 2001; Fehrenbach et al. 2003) later demonstrated that HSP72 increases in
monocytes and granulocytes were sustained beyond the initial 24 hours as preconditioning with a 60 min run in
28°C as opposed to 18°C, before a further 60 min run in the hotter condition as HSP72 remained increased 48
hours following exercise cessation. A failure for a sustained increases in HSP72 in cooler conditions (18°C)
highlights the observation that a cell will only synthesise further HSP72 should an insufficient quantity be
present to respond to the stress stimuli, the magnitude of the HSP72 response is then dependent upon the degree
of stress (Yamada et al. 2008). Sustained increases in HSP72 following a secondary exposure to hot conditions
when exercising, support the established benefits of repeated exercise-heat stress (heat acclimation).
Data emerging since those initial observations supports the notion of a threshold for increase HSP72 synthesis,
albeit at a lower absolute temperature than the original suggestion of 40°C. During a fixed intensity heat
acclimation protocol (treadmill walking in 42.5 or 49°C, 20 or 30% RH) peripheral blood mononuclear cells
increased their HSP72 protein 2 fold following 6 days of exposures (STHA), until the 10th and final day
(Yamada et al. 2007). This result was repeated and then furthered later (McClung et al. 2008), whereby
incubation of peripheral blood mononuclear cells isolated following ten days of heat acclimation showed a
Page | 81

blunted response in comparison to cells obtained prior to the heat acclimation protocol. This data demonstrates
that HSP72 induction is blunted as a result of attained then sustained basal levels which evidence a cellular
adaptation, contributing to improved tolerance to heat. In the absence of exercise and associated metabolic by
products which as discussed later, appear important for increased skeletal muscle induction of HSP72. Thermal
stress alone appears sufficient to increase leukocyte HSP72, passive heating of monocytes increases Hsp72
mRNA 6-fold at 39.0°C, and 10-fold at 41.0 – 42.0°C (Oehler et al. 2001), this increase was also observed
during hot water immersion at 39.5°C with sustained Hsp72 mRNA increases 22 hours following the
intervention thus, demonstrating both in vitro, and importantly in vivo, responses are heat dose dependent. The
effects of passive heating support the implementation of isothermic heat acclimation methods, whereby
increased HSP72 can be augmented by clamping core temperature for a LTHA to induce effectively phenotypic
and cellular adaptations, notably elevated iHSP72 which collectively reduce the physiological and cellular stress
response to exercise heat stress (Magalhães et al. 2010a).

Figure 2.37 Peripheral blood mononuclear cell (PBMC) heat shock protein (HSP) 72 during heat acclimation (n
= 7). Pre- and post-exercise PBMC HSP72 on days 1, 6, and 10 of heat acclimation. Open bars represent pre
exercise data; solid bars represent post exercise data. compared with pre exercise day 1: * denote p < 0.01, **
denotes p < 0.05 (Yamada et al. 2007).
Whilst circulating leukocytes might present an accessible means to measure HSP72, changes within skeletal
muscle are likely to more closely reflect localised hyperthermia as a result of high rates of metabolic heat
production and metabolic acidosis (Yamada et al. 2008). It is also known that the site of hyperthermia and
muscles under the greatest exercise load will demonstrate the greatest increase (Skidmore et al. 1995). Forty
eight hours following a 45 minute run at lactate threshold, it has been observed (Morton et al. 2006) that HSP72
within skeletal muscle increases by 210%, with elevations remaining higher than baseline 7 days following the
exercise bout. An absence of a 24 hour post exercise increase was suggested as identifying a delayed response
within muscle not previously observed in leukocytes. A similar protocol of running at anaerobic threshold for 30
min with immediate analysis of HSP72 yielding only mRNA, rather than whole protein increases suggests that
this hypothesis is valid. The moderate exercise intensity domain appears optimal for prescribing work to elicit
HSP72 responses, although the exercise mode can be absent of mechanical damage. Cycling for 45 minutes at
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70% of peak oxygen uptake elicited increased HSP72 for 6 days (Khassaf et al. 2001). Skeletal muscle HSP72
responses to training support the ideal that basal HSP72 will increase should sufficient stress be evoked. When
comparing the response to five 30 min cycling sessions per week, for six weeks, it was observed that only a
training intensity evoking a blood lactate response above or around the anaerobic threshold would increase
HSP72 from the pre training baseline. Low intensity work failed to elicit a HSP72 increase. The HSP72 dose
response to training load has been evidenced by Liu (Liu et al. 1999), whereby the duration spent training at a
blood lactate concentration of 4.5 mmol.L-1 per week was related to the end of week increase in comparison to
the pre training baseline. These observations regarding HSP72 increases in skeletal muscle following training
alone are not evidenced in leukocytes. In spite of similar experimental designs, neither lymphocyte or monocyte
HSP72 increased after six days of training (Whitham et al. 2004). It is known, although perhaps counterintuitive
that trained individuals have higher Hsp72 mRNA and lower total HSP72 protein (Baseline HSP70 levels in
trained subjects 2.04 ± 0.51 ng; untrained subjects 4.52 ± 0.95 ng), in comparison to untrained equivalents
(Fehrenbach et al. 2000b; Fehrenbach et al. 2000a; Shastry et al. 2002). It is hypothesised (Niess et al. 1996;
Fehrenbach and Northoff 2001) that increased metabolism and acidosis increase HSP72 induction, hence the
training response in skeletal muscle, but not leukocytes. The more trained individuals have a greater ability to
inhibit the HSP induction pathways, this result of a greater “first line protection” against metabolic by products
such as reactive oxygen species (Yamada et al. 2008). Hsp72 mRNA is stable under stressful conditions and
unstable during homeostasis. Trained individuals present with a higher Hsp72 mRNA, either as a result of
intense training and the ability to rapidly transcript HSP72 protein without a requirement for permanently
elevated basal levels. Another proposed theory yet to be confirmed, is that trained individuals rapidly turnover
the protein to maintain function (Yamada et al. 2008).
It appears that moderate intensity exercise is a requirement for increased induction of Hsp72 mRNA and
ultimately net HSP72 protein gain. A combination of moderate intensity exercise, in conditions inducing
hyperthermia appears to magnify the induction; both of these elements are in agreement with the requirements of
the heat storage equation to increase heat gain. The sustained expression of mRNA, or gain in HSP72 protein
between 24 and 48 hours following the acute exposure, support the cumulative benefits of heat acclimation
protocols. To which effect short term time scales (6 days) evidence increases, with a dose response suggesting
greater accumulation following long term time scales (10 days). Data is yet to evidence prolonged (>14 days)
HSP72 responses to heat acclimation in humans, however evidence from normothermic training studies suggests
the dose response extends beyond the known duration, as long as a sufficient stimuli warranting transcription
and cytoprotection is presented. This might be most effectively achieved using isothermic methods, which target
and sustain the potentiating stimuli (moderate intensity exercise eliciting established degrees of hyperthermia).
During protocols intending on increasing HSP72, the role of antioxidants should be considered, as blunting of
the HSP72 response has been observed, likely due to reductions in metabolic by products (ROS) (Khassaf et al.
2003; Fischer et al. 2006).
Intracellular HSP72 appears to be an important component of the thermotolerance, and despite initial
reservations, a body of data is gathering to suggest this molecular pathway may also be an important component
of the heat acclimation adaptive pathway. Moderate intensity exercise performed for prolonged periods, and
repeated for ~10 days is the known optimal duration to maximise this adaptive response. It is known that iHSP72
increases following hypoxic exposure, the pathways of hypoxic stress at a physiological then cellular level are
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discussed over the coming pages with mechanisms for the cross tolerance between adaptations augmented in
heat, and hypoxic stress presented.

2.4 HYPOXIC STRESS RESPONSE
Hypoxia, a state of oxygen deficiency within tissues, can be caused by many environmental and physiological
factors. Aside from pathological hypoxia, oxygen deficiency is commonly experienced with increasing altitude,
where reductions in the partial pressure of oxygen results in reduced oxygen availability for human respiration,
known as hypoxemic hypoxia. This physiological state has direct negative effects on exercise performance in
conjunction with hypoxia, manifesting within the vasculature (stagnant hypoxia), blood (anaemic hypoxia) and
cells (cytotoxic hypoxia). When exposed to a hypoxic environment, the physiological responses to hypoxia are
commonly divided into acute responses and chronic adaptations, primarily to the change in oxygen content in
inspired air (FiO2). The nature of these physiological changes are dependent upon the level of ascent, either
actual or simulated (Ge et al. 2002); duration of exposure (Knaupp et al. 1992), and level of activity (Levine and
Stray-Gundersen 1997). Prior to the consideration of physiological responses to hypoxia, acknowledgment of
differences between actual altitude ascent and simulated hypoxia is relevant. These differences derived from the
variation in barometric pressure at the same level of FiO2. Normobaric hypoxia reflects maintenance of ambient
air pressure of ~760mmHg with reduced FiO2 typically derived from nitrogen enriched air, hypobaric hypoxia
therefore a reduction in the atmospheric pressure and consequent volume rather than concentration of O2.
Savourey and colleagues (2003) observed normobaric and hypobaric hypoxia to an ascent of 4,500m, data
showed in hypobaric conditions breathing frequency (Bf) was greater in addition to tidal volume and
minute/pulmonary ventilation (VE). Both heart rate and O2 saturation (SpO2) measured by pulse oximetry
showed a negative increase and decrease, respectively. Arterial blood data revealing that hypoxemia, hypocapnia
and blood alkalosis are greater in hypobaric hypoxia compared to normobaric hypoxia and that SaO2 is
significantly lower. The physiological responses of humans submitted to an acute exposure therefore, differ
according to the type of hypoxia with the variation a consequence of an increase in dead space ventilation,
related to the barometric pressure reduction. It was observed that the variation between hypoxic conditions is
apparent after 30mins of exposure with the findings relevant for both sport specific and clinical research data,
whereby data obtained in normobaric conditions should be extrapolated to hypobaric environments, with some
caution beyond a 30 minute exposure.
From a performance perspective, the impact of hypoxia/altitude is clear. Data from 132,104 elite track and field
athletic performances from a pool of 1889 top 16 athletes across 794 venues of varying altitude recently gave the
clearest outline of the impact reduced oxygen availability has on athletic performance (Hamlin et al. 2015). It is
noteworthy, and in line with the original observations from the Mexico City 1968 Olympic games that
performances in most sprint and field events improve with altitude, whereas typical endurance performance is
impaired (Jokl et al. 1969). Clear enhancements for 100 and 400 m men’s sprint times were observed when
athletes performed at altitudes of 500 m and above (0.2 – 0.7%) (Hamlin et al. 2015), due to a reduction in air
density (Ward-Smith 1984; Péronnet et al. 1991).
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Triple jump (1.0 ± 0.8%) and long jump (1.1 ± 0.6%) performance show small, but clear enhancements at
altitudes of ≥1500 m, with performance effects in all jumping events below 1500 m trivial or unclear (Hamlin et
al. 2015). Hammer throw performance for men was likely to be enhanced to a small degree at altitudes between
500 to 1499 m (1.2 ± 0.4%, 0.9 ± 0.8% for 500-999 m and 1000-1499 m altitude venues respectively) (Hamlin et
al. 2015). Venues situated at 1000 m or more above sea-level have a small but clear impairment on discus
throwing ability (-1.9 ± 0.6%, -1.9 ± 0.7% for 1000-1499 m and ≥1500 m altitude venues respectively (Hamlin
et al. 2015)) the mechanism for the difference in throwing events appears to be allied to the requirement for
increased lift to maximise distance in the discus (Frohlich 1981; Mizera and Horváth 2002). Under lower air
density altitude, but with the same velocity of release Bernoulli’s principle is less effective thus the throw
distance shorter (Frohlich 1981). Effects of altitude on all other throwing performances for men (javelin/shotput) were either trivial or unclear (Hamlin et al. 2015).
The unique observation that undertaking distance races at venue locations as low as 299 m can result in
increased time to complete the race is most impactful, see Figure 2.38 (Hamlin et al. 2015). Previously it had
been thought that the impact on athletic performance was only likely at or above 580 m (Gore et al. 1997). In
running events of 800 m and longer, small but clear impairments were found when performing at venues with
altitudes between 150-299 m above sea-level (Hamlin et al. 2015). In most cases performance impairments for
distance running increased as altitude increased, going from small impairments at altitudes to very large
impairments at venues situated at 1000 m and above with 5000 m running performance impaired by 0.7 ± 0.3%
at 150-299 m, but 3.5 ± 0.6% at ≥1500 m (Hamlin et al. 2015).
The reduction in endurance performance at altitude has been shown to result from a reduction in oxygen supply
to the exercising muscle (Wolfel et al. 1998; Bassett and Howley 2000; Friedmann et al. 2007), the extent of
which is proportional to the rate of ascent. Maximal oxygen uptake (VO2max) declines linearly with changes from
300 m upwards, the reduction corresponding to a 6.3% decrease per 1,000 m increasing altitude (Wehrlin and
Hallén 2006). The reduction in VO2max presents as a reduction in the maximal capacity of an individual to do
aerobic work at altitude (Wehrlin and Hallén 2006). Aerobic exercise performance decreases by 14.5% (P <
0.001) per 1,000 m altitude gained between 300 and 2,800 m (Wehrlin and Hallén 2006). This highlights the
relative reduction in exercise capacity at a given altitude resulting from a reduced upper/absolute V O2max
although some of the performance decrement can be offset by either anaerobic metabolism, or a reduction in air
pressure in terrestrial altitude.
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Figure 2.38 Effect of altitude on running performance for men (left) and women (right) in distances from 100 m
to 400 m (top) and distances from 400-m hurdles to 10,000 m (bottom). Dashed lines indicate values for the
smallest substantial enhancement and impairment (Hamlin et al. 2015).

2.4.1

Haematological and cardiac responses to hypoxia

As individuals ascend from sea level to lower altitudes (≤1,500m) and to moderate ascents (≥3,000m) the initial
stabilisation of resting arterial oxygen saturation (SaO2) begins to decrease significantly (~98-100% at rest and
95% to 92% respectively). This decrease is proportional to the level of ascent, with resting SaO2 approaching
values of 80% at higher altitudes of ≥5,000m (Mazzeo 2008). As a direct consequence of the reduction in
inspired O2 and change in SaO2 physiological and metabolic adjustments are augmented to ensure adequate tissue
oxygenation for the demands of the individual.
Individual responses appear to occur based upon training status, with Lawler et al, (1988) acknowledging
difference between trained (56-75 mL.kg-1.min-1) and untrained (33-49 mL.kg-1.min-1) males during simulated
hypoxia (FiO2 = 0.14; ~3,000m), with %SaO2 during maximal exercise under hypoxic conditions significantly
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lower in trained (77%) compared with the untrained (86%) participants. A number of other studies have reported
similar findings, with similar results occurring within ~10 minutes (Brosnan et al. 2000). The greater impairment
of arterial oxyhaemoglobin saturation reflecting a reduction in pulmonary capillary transit time, which combined
with a proportionally higher cardiac output, pulmonary blood flow and haemoglobin content of trained athletes
widens the alveolar O2 (PAO2) : arterial O2 (PaO2) partial pressure diffusion gradient, negatively influencing
SaO2 (Torre-Bueno et al. 1985; Wagner et al. 1986). An individual exercising at altitude will increase the
physiological stress at a greater rate to the same absolute intensity of exercise at sea level (Mazzeo 2008).
Research conducted at 4,300m (Pikes Peak, Colorado, USA observed that exercising at a fixed workload of
100W represents significantly greater relative exercise intensity at altitude (Wolfel et al. 1991; Wolfel et al.
1998), where at 4,300m exercise at 100W (absolute VO2 of 1.5l.min-1) elicits ~65% VO2peak compared to 50% at
sea level.
A number of physiological adjustments are made to cope with the hypoxic and exercise demands at altitude;
initially the primary goal is to increase the volume of oxygen reaching exercising muscles. With cardiac output
being a reflection of heart rate and stroke volume, the increases upon exposure to altitude are responses designed
to compensate for a reduction in SaO2. The heart rate increase at altitude is a result of activation of the cardiac βadrenergic receptors by sympathetic nervous system (SNS) and increased circulating adrenaline (epinephrine).
This occurs in both acute and long term hypoxic exposures (Mazzeo et al. 1991; Mazzeo et al. 1995; Hopkins et
al. 2003). Hopkins et al., (2003) acknowledged that the elevation in both resting and exercising heart rate may be
regulated by partial parasympathetic withdrawal. This mechanism is evidenced by established changes in heart
rate variability at altitude (Buchheit et al. 2004; Povea et al. 2005; Zupet et al. 2009; Al Haddad et al. 2012).
Stroke volume is the other contributing factor to increase in cardiac output, although it is believed that this is
only marginally effected by acute hypoxic exposure even when exercising submaximally (Wolfel et al. 1991).
Prolonged exposure to altitude displays a reduction in stroke volume, stabilising after a period of 7-14 days
dependant on individual variation. The explanation for this is unclear, although it is believed to be a reflection of
reduced plasma volume associated with high altitude exposure (Mazzeo 2008).
A negative acute response to hypoxia is hypovolaemia (Takamata et al. 2000), a loss of blood plasma volume, a
response which is maintained throughout the altitude sojourn (Siebenmann et al. 2013). Acutely during a graded
exercise test, it has been observed that breathing reduced O2 gas (FiO2 = 0.13) elicits a larger decrease in PV at a
given oxygen consumption in comparison to normoxia (Takamata et al. 2000). A reduction in plasma volume in
a warm hypoxia environment leads to reduced cutaneous vasodilation sensitivity (Miyagawa et al. 2011), even in
the presence of an increased core temperature with a consequence being decreased venous return to the heart
(Nadel et al. 1980; Fortney et al. 1983). This mechanism has been further evidenced (Sjøgaard et al. 1985) where
greater PV losses in hypoxia are linked to increased vascular conductance (~20 % higher compared than in
normoxia). Chronically, plasma volume losses during hypoxia are likely due to increased muscle vasodilation
resulting from increased accumulation of metabolites, ultimately increasing capillary pressure and causing
plasma water to shift into the muscle (Sjøgaard et al. 1985).

2.4.2

Reducing the negative effects of acute hypoxia

A number of studies have used classical models of altitude training, as a method for attenuating the negative
effects of hypoxia on endurance performance (Koistinen et al. 2000; Rodríguez et al. 2000; Stray-Gundersen et
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al. 2001; Katayama et al. 2003). Methods for altitude training have been grouped according to the nature of
exposure during training and rest phases (Millet et al. 2010b). These are broadly accepted as being “Live
High+Train High”(LHTH), “Live High+Train Low” (LHTL), “Live High-Train Low and High”(LHTLH), and
the more complex “Live Low +Train High”, which also incorporates “Intermittent Hypoxic Exposure” at rest
(IHE), “Intermittent Hypoxic Training” (IHT), and “Intermittent Hypoxic Exposure whilst Interval Training”
(IHIT) (Wilber 2007). Irrespective of precise application, common characteristics are shared by each of these
hypoxic training methods, each requiring lengthy durations of exposure and high workload (Millet et al. 2010b),
and each requiring extended periods of commitment to a training intervention (typically between 2-4 weeks) for
positive adaptation. These factors, in addition to high costs of altitude training, and limited access to specific
environmental conditions, either actual or simulated, makes provision for individuals problematic. Conversely,
the previously discussed heat acclimation is relatively less complicated to administer, with a greater accessibility
to actual or simulated facilities/environments for increasing heat stress in exercising athletes (Houmard et al.
1990; Nielsen et al. 1993). Effective heat acclimation protocols are reported as being shorter duration for both
required exercise duration and total training cycle time than. Recently, a successful heat acclimation protocol
was reported to require only 4 days of heat stress exposure, to elicit a positive physiological adaption of reduced
rate of increase in core temperature and improved thermal comfort, enhancing exercise tolerance and increasing
running distance covered by 33% in intermittent running exercise (Sunderland et al. 2008). With shared stress
responses, the link between heat stress and hypoxic stress suggests that a link between heat adaptation and
hypoxic adaptation may be worthy of investigation.
It is not within the confines of this thesis to discuss all mechanisms by which hypoxic adaptations are made. The
physiological advantages and disadvantages of hypoxic/altitude exposure have been summarised within
numerous review articles (Bailey and Davies 1997; Wilber 2004; Wilber 2007; Friedmann-Bette 2008; Millet et
al. 2010b). Physiological advantages of altitude exposure include increases in free fatty acid mobilisation,
haemoglobin, capillarisation, oxidative enzyme activity and mitochondrial volume (Bailey and Davies 1997).
Much of these are classical aerobic training adaptations that become accelerated/magnified by the increased
physiological strain of hypoxia. Discussion follows whereby adaptations made in the heat may be beneficial for
subsequent exposure to altitude/hypoxia.
An eloquent primer for this discussion is the observation that the following physiological disadvantages occur
when unacclimated individuals are exposed to environments where oxygen availability is diminished (Bailey and
Davies 1997).
•
•
•
•
•
•
•
•
•
•

Catecholamine mediated glycogen depletion
Decreased Blood Flow
Decreased Cardiac Output
Decreased training intensity
Immunosupression
Increased dehydration
Increased haemolysis
Increased Metabolic Rate
Increased oxidative stress and tissue damage
Increased Ventilation
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The acute negative hypoxic response model of Bailey and Davies (1997) can also be used as a paradigm for heat
acclimation targeted cross acclimation. Heat acclimation has been identified as reducing glycolysis and the
metabolic rate of exercise (Kirwan et al. 1987), with plasma volume expansion (Patterson et al. 2004a; Garrett et
al. 2009; Lorenzo et al. 2010; Lorenzo and Minson 2010; Fujii et al. 2012; Garrett et al. 2012; Garrett et al.
2014; Patterson et al. 2014), and improved myocardial efficiency and contraction (Levi et al. 1993a; Horowitz
2002) mechanisms by which blood flow and cardiac output can be preserved or enhanced. Ventilation may be
reduced (Beaudin et al. 2009), affording improved oxygen delivery to the muscle following HA. Oxygen
delivery to the muscle is supported by plasma volume mediated, increases in cardiac output (Nielsen et al. 1993),
and reductions in core temperature (Buono et al. 1998; Kampmann et al. 2008) and evaporative heat loss via
sweating (Sato et al. 1990; Shido et al. 1999; Buono et al. 2009; Lorenzo and Minson 2010; Poirier et al. 2015),
concurrently causing a leftward shift in the oxyhaemoglobin saturation curve (Lee et al. 2014b). Improved
exercise performance is also known to occur in cool, temperate and hot conditions with heat acclimation, thus
training intensity may be preserved (Lorenzo et al. 2010; Corbett et al. 2014b). Reductions in sweat mineral
losses (Chinevere et al. 2008), are positive and dehydration may be mitigated with adequate fluid replacement
with heat dissipation through non evaporation pathways observed at the same absolute exercise intensity (Sawka
and Montain 2000; Sawka et al. 2011). It should be acknowledged that greater sweat losses procured through
heat acclimation may however place an individual at risk of further dehydration at the same relative intensity of
work. The cellular response to heat acclimation, notably increases in Hsp72 have observable cytoprotective
benefits which may translate to whole body and localised reductions in the oxidative stress, tissue damage, and
apoptosis which are accelerated in hypoxia (Horowitz 2002; Horowitz 2014).

2.5 ROLE OF HEAT ACCLIMATION IN HYPOXIA
2.5.1

Heat – Hypoxic cross tolerance mechanisms

An interesting area of research development currently being explored is cross tolerance of Hsp application
between environmental conditions and across stressors. Cross tolerance can be defined as a sub-lethal exposure
to a stressor, having positive physiological adaptive effects to a subsequent exposure to a different stressor
(Kregel 2002). Not all circumstances allow for partial or full acclimatization/acclimation to take place, in this
instance physiological strain increases, and the risk of altitude illness is also potentiated. Additionally,
acclimatization/acclimation strategies are observed as being time-consuming and for sea level natives require
expensive travel and/or equipment that may not be available. It has been suggested that acclimation to one
environmental stressor could enhance adaptation to various other stressors in animals (Fregly 1954; Horowitz
2003) and humans (Lunt et al. 2010; Heled et al. 2012). This phenomenon has been described as cross tolerance
and involves the activation of common protective pathways (Levi et al. 1993b), with “a sub-lethal exposure to a
stressor, having positive physiological adaptive effects to a subsequent exposure to a different stressor”
(Kampinga et al,. 1996).
Thermal – hypoxic cross adaptation has been established in animal and human models. Repeated cold-water
immersions reduced human sympathetic and cardiorespiratory responses while cycling during acute hypoxic
exposure (FiO2 = 0.12) (Lunt et al. 2010). In extreme hypoxia (9,144m; lethal to humans) rats exposed to
continuous moderate cold (6°C) vs. intermittent severe cold (−20°C) demonstrated that intermittent severe cold
exposure significantly protected rats compared to continuous moderate cold exposure (Leblanc 1969). Most
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relevant to the current thesis, systemic and whole body heat exposure has also demonstrated positive effects
during hypoxic exposures. Heat-acclimated sedentary mice survived longer before drowning (anoxia) in water
(Hiestand et al. 1955) due to possible circulatory and metabolic adaptations. Proposed mechanisms include a
redistribution of blood to vital organs and/or tissues, which could decrease oxygen use during drowning; this an
observed adaptation following human heat acclimation. Oxygen requirements following heat acclimation are
reduced due to decreases in metabolic heat production (Givoni and Goldman 1972; Houmard et al. 1990;
Chalmers et al. 2014), thereby prolonging survival. Systemic cross tolerance between heat acclimation and lowoxygen environments has been evidenced by reducing blood flow to the heart (Levi et al. 1993b; Horowitz
2003). A magnitude based response was identified in rats with an enhanced cardiac work efficiency and
performance versus control animals. Heat acclimation also induced greater cardioprotection during ischemia and
reperfusion (Levi et al. 1993b; Horowitz 2003). Leading authors in the field have proposed ATP preservation, an
adaptation evidenced in heat acclimated phenotypes following HA, which may be caused by the transition from
fast to slow myosin isoforms (Horowitz et al. 1986a) and delayed acidosis within the myocardium (Levi et al.
1993b; Horowitz 2003). Thus, heat acclimation may improve the protective response to a low oxygen
environment (Horowitz, 2003).
Human data is less available, particularly with regards to complex experimental designs involving systemic
isolation and extreme, potentially lethal exposures. The effects of heat acclimation on the onset of blood lactate
accumulation (OBLA) is known to be delayed during graded exercise testing in both the normoxic and hypoxic
conditions following heat acclimation, Figure 2.40 (Heled et al. 2012). The authors of the novel study proposed
two mechanisms explaining how heat acclimation may promote adaptation that could benefit an individual
during altitude exposure. It was hypothesised that heat acclimation can reduce metabolic rate during exercise
which appears likely, particularly during moderate intensity exercise (Shvartz et al. 1972; Sawka et al. 1983a;
Young et al. 1985; Houmard et al. 1990; Febbraio et al. 1994; Fujii et al. 2012). This could contribute to greater
efficiency when exposed to high altitude and heat dissipation, and thus preserving blood flow (Givoni and
Goldman 1972; Houmard et al. 1990; Chalmers et al. 2014).
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Figure 2.39 The transition between exposure to heat or hypoxic stress, cellular stress response, systemic
response, and acclimation/enhanced tolerance (Ely et al. 2014).

Enhanced heat dissipation following heat acclimation reduces core temperature and increased evaporative
capacity attenuates heat storage at the same work load. A reduction in temperature would cause positive leftward
shift in the oxyhaemoglobin dissociation curve, indicating a potential for enhanced oxygen saturation of
haemoglobin for a given partial pressure of oxygen, thus preserving SpO2. HIF-1-mediated increase in glycolytic
enzymes and mitochondrial proliferation may also contribute to increased oxygen saturation during exercise, via
improved anaerobic threshold markers (Heled et al. 2012), as shown as part of the training adaptations to
hypoxia (Terrados et al. 1988; Levine and Stray-Gundersen 1997; Stray-Gundersen et al. 2001). Exercise at or
around the lactate threshold has been observed as improved in humans following heat acclimation in both
normoxic (Lorenzo et al. 2010; Heled et al. 2012) and hypoxic (Heled et al. 2012) test environments.

Figure 2.40 Heart rate at the onset of blood lactate accumulation in normoxic and hypoxic conditions pre- and
post-heat acclimation; * denotes p < 0.05 between trials within condition. (Heled et al. 2012)
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At a molecular level, identification that heat acclimation increases the expression of HIF-1 (Maloyan et al.
2005), which, in its active form, contributes to the adaptive response during hypoxic exposure by increasing
oxygen delivery to the tissues (Semenza 2004) is also a hypothesis worthy of investigation (White et al. 2014).
Of particular interest is the HIF-1 association with Hsp72 (Shein et al. 2005; Salgado et al. 2014), Hsp90 (Ely et
al. 2014) and angiogenesis via vascular endothelial growth factors (Salgado et al. 2014), see Figure 2.39. Cross
tolerance and its underlying cellular mechanism was not described until recently, when more advanced
molecular studies were performed (Arieli et al. 2003; Horowitz 2002; Horowitz et al. 2004; Horowitz et al. 1997;
Maloyan et al. 2005; Maloyan and Horowitz 2002; Maloyan et al. 1999). However, evidence is now available to
suggest that heat acclimation induces cross tolerance against several environmental stressors associated with
altered oxygen supplementation (hypoxia, ischaemia/reperfusion, hyperoxia (Arieli et al. 2003; Levi et al. 1993).
Oxygen deprivation results in several well reported negative effects particularly when athletic performance in
hypoxic environments, i.e. at altitude (Wilber, 2004) is considered. Some of the mechanisms leading to the
negative effects are tissue specific, whereas others are shared (Horowitz 2007). The brain and the heart are
among the most susceptible organs to impair oxygen delivery, although working muscles also become impaired
as a result of ischaemia (Horowitz 2007). The identification of the protective role of ischaemic/hypoxic/thermal
preconditioning against ischaemia allowed the application of preconditioning, where protection is conveyed by
prior sub-lethal exposures to the particular stress i.e. hypoxia, heat stress (Xi et al. 2001). Heat acclimation has
also reported improved glycolysis and elevated glucose transporter (Umschweif et al. 2013). These being
markers of HIF-1ά, the regulator of erythropoietin production in hypoxic environments when arterial oxygen
saturation begins to reduce partial pressure of oxygen in renal tissue (Horowitz, 2007). Indeed Horowitz and
Assadi (2010) reported a great abundance of Hsp70 and HIF-1ά amongst cytoprotective changes occurring in
heat acclimated heart leading to a two tier response, initially elevating cytoprotective molecule reserves and a
rapid response to environmental insult. Heat acclimation mediated ischemic and hypoxic cross tolerance through
increases in Hsp72 has been reported (Horowitz 2007), as has the benefits of heat acclimation in up regulating
erythropoietin mRNA (Maloyan et al. 2005). Additionally, findings following heat acclimation also reported
improved glycolysis and elevated glucose transporter, which are markers of hypoxia induced factor-1ά (HIF-1ά)
(Horowitz and Robinson 2007; Tetievsky et al. 2008), the regulator of erythropoietin (EPO) production in
hypoxic environments when arterial oxygen saturation begins to reduce partial pressure of oxygen in renal tissue
(Wang and Semenza 1996). Clinical studies (Mengozzi et al.; Mengozzi et al. 2006) have similarly reported
increases in EPO production following episodes of extreme stress which induce hypoxic/ischaemic injury. These
studies demonstrate the protective, antiapoptotic activity of EPO sharing similarities to that of the Hsp70 family,
in addition to its classic role of regulation of erythropoiesis, widely acknowledged as a positive physiological
adaptation to altitude training.
In response to hypoxia the increases in cardiac output and ventilation are observed as a physiological response to
oxygen delivery to the body (Mazzeo et al. 1994; Muza et al. 2010). A similar oxygen response is also observed
at the cellular level accomplished in part through the control of hypoxia inducible factor-1 (HIF-1). HIF-1 which
is ubiquitously expressed in all cells and has been described as the master regulator of oxygen homeostasis
(Semenza 2004). HIF-1 transcriptional activity is associated with ~70 genes, some of which aid in the adaptive
response to hypoxia including enhanced oxygen delivery and/or metabolic adaptations to hypoxia (Feldser et al.
1999; Semenza 2004), and pathways associated with the thermal stress response (Minet et al. 1999; Sonna et al.
2002; Treinin et al. 2003; Salgado et al. 2014). A similar induction of HSP72 in PBMCs to the work in heat by
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McClung et al., (McClung et al. 2008) has been observed following 10d of hypoxic exposure (Taylor et al.
2011). Animal models (Wang et al. 2006) also support the hypoxic dose response as initiating HSPs, whereby
both high and low-altitude mammals increased HSP72 gene transcription post-exposure. As previously
highlighted, HSP72 aids in protecting individuals from illnesses related to heat (endotoxemia, heat stroke)
(Hotchkiss et al. 1993), with inhibited lymphocytes HSP72 in individuals suffering from EHI (Ruell et al. 2014).
HSP90 increases following heat acclimation have also been proposed as modulating fluid balance, a known
indicator of hypoxia related illness (AMS, HAPE, and HACE), with HSP72 potentially having a similar role
during exposure to hypoxia, although this has not been experimentally elucidated (Ely et al. 2014). HSP72 plays
a key role in maintaining epithelial barrier integrity, and may be related to the decreased risk of heat injury
observed following successful acclimation (Hotchkiss et al. 1993). It is known acclimatisation to hypoxia
reduces the risk of hypoxia-related illnesses (West 2004), particularly where compromised endothelial barrier
integrity in the cerebral (AMS and HACE) and pulmonary (HAPE) microcirculation is pertinent. HSP72 may
maintain barrier integrity and reducing the risk of cerebral and pulmonary oedema. HAPE also involves
dysregulation of pulmonary blood pressure due to exaggerated hypoxic pulmonary vasoconstriction. HSP90 is a
co-factor in production in endothelial nitric oxide synthase, (Brouet et al. 2001) and could therefore, enhance
vasodilation in acclimated individuals and further reduce the risk of developing HAPE or pulmonary
hypertension.
Heat acclimation enhances tolerance to exertional heat stress with reduced cytokine production and
endotoxemia, and/or release of toxins from the gastrointestinal tract through disruption of the epithelial border,
further protecting a heat-acclimated organism on a systemic level (Moseley 1997). A less observed function of
HSPs is their role in neurological preservation facilitating maintenance of synaptic transmission in the brain
(Jiang et al. 2000). HSP72 acts on the nucleus tractus solitaries and affects the baroreflex during heat stress (Li et
al. 2001); with effects on synaptic transmission in neuronal network linked to respiratory rhythms during thermal
stress (Kelty et al. 2002). As previously stated, exposure to a hypoxia inducing environment initiates to adaptive
responses at the systemic, local tissue and intracellular level through erythropoiesis, angiogenesis (via vascular
endothelial growth factor-VEGF) and increases in glucose transporters and glycolytic enzymes to produce
adequate energy in the absence of diminished oxidative phosphorylation (Semenza 1998; Feldser et al. 1999;
Semenza 2004). Metabolic and molecular mechanisms associating heat and hypoxic cross tolerance (Horowitz
2003; Horowitz et al. 2004) demonstrate the development of cross tolerance as reducing injury after the heart
was subjected to an ischemic insult (Levi et al. 1993b; Levy et al. 1997) though these responses are likely
translated even in the presence of adequate rather than a complete absence of oxygen (Maloyan et al. 2005).
HIF-1α demonstrated the same increase in basal levels and rapidly inducibility of following heat acclimation
during an acute heat shock as previously observed in heat shock proteins (McClung et al. 2008). A noteworthy
molecular response is increased erythropoietin mRNA expression in the kidneys, erythropoietin receptors in the
heart, and VEGF mRNA levels (Maloyan et al. 2005). HIF-1 is a precursor to erythrocyte production (a
stimulator of erythropoietin) and may be activated via oxygen-independent pathways that aid in improved
oxygen delivery after a heat shock exposure and this response is of a greater magnitude in the heat acclimation
phenotype, improving oxygen supply to the body and/or working muscles (Maloyan et al. 2005).
Heat shock transcription factor 1 (HSF1) is upregulated during hypoxia due to direct binding of HIF-1α to the
hypoxia response elements, as such HIF-1 control of HSF1 transcription is crossregulatory, sensitizing heat
shock pathway activity in order to maximize production of protective HSPs (Ely et al. 2014), see Figure 2.41 and
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Figure 2.42. A complementary role also exists in the opposite direction where HSP72 and HSP90 may increase
molecular stability of HIF-1α; resulting in reduced degradation and enhanced HIF-1α formation and the
subsequent molecular signals that acclimation elicits HIF-1α accumulation occurs rapidly in response to hypoxia
initiating a cascade of effects which augment systemic benefits associated with altitude acclimation (Semenza
2000; Wenger 2002). Enhanced ventilatory response occurs through changes in carotid body sensitivity (Wilson
et al. 2005). The induction of erythropoietin (EPO) genes in renal tissue increases erythrocyte production
(Semenza and Wang 1992). Induction of vascular endothelial growth factor (VEGF) enhances angiogenesis in
cardiac myocytes or other under-perfused tissues (Pugh and Ratcliffe 2003), whilst increased glycolytic enzyme
expression and activity occurs to maintain anaerobic metabolism in the presence of reduced oxygen delivery to
skeletal and cardiac myocytes (Iyer et al. 1998). Enhanced vasodilatory mechanisms such as increased inducible
nitric oxide synthase (iNOS) in endothelial cells to further aid in tissue perfusion and limit hypoxia-induced
vasoconstriction have also all been evidenced (Ely et al. 2014). The hypoxic ventilatory response (HVR) is
reliant on the HIF-1 pathway, as evidenced in animal models where HIF-1α inhibition blunts the HVR (Kline et
al. 2002) and erythropoietic and angiogenic responses (Yu et al. 1999). Increased maximal skin blood flow
(Lorenzo and Minson 2010) and sweating response post-heat acclimation could be influenced by HIF-1regulated angiogenesis and enhanced vasodilation with increased capillarisation following heat acclimation a
proposed mechanism for improved exercise performance and lactate threshold (Lorenzo et al. 2010).

Figure 2.41 HSP induction with various stressors and potential relationships between HSP expression and
systemic acclimation responses to heat and hypoxia. Italics indicate a potential link between HSP and an
acclimation response that has not yet been experimentally elucidated (Ely et al. 2014).
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HIF-1α increases in basal conditions and augmented induction of HIF-1α transcription has been observed in
myocardial cells with acute heat stress in heat acclimated animals (Maloyan et al. 2005). This increase in the
HIF-1 pathway is associated with many of the previously stated same downstream effects as observed following
hypoxic exposure. HIF-1 is also related to enhanced metabolic (glucose uptake and utilization) and fluid
regulatory (reduced cerebral oedema due to water transport in aquaporin channels) mechanisms (Horowitz and
Assadi 2010; Umschwief et al. 2010). Increases in HIF-1α may be activated by increases in HSP associated with
heat acclimation. The potential of heat-hypoxia cross tolerance in humans has been examined systemically
following 12d of heat acclimation with a delayed onset of lactate threshold during graded exercise in both
normoxia and hypoxia (FiO2 – 0.156), and improved cognition in hypoxia (Heled et al. 2012). A trend towards
improved SpO2 during exercise in hypoxia was also observed (Heled et al. 2012).

Figure 2.42 HIF-1α induction with various stressors and potential relationships between HIF-1and systemic
acclimation responses to heat and hypoxia. Italics indicate a potential relationship between HIF-1 and
acclimation that has not yet been experimentally examined (Ely et al. 2014).
Human heat acclimation protocols optimally involve moderate intensity endurance exercise which is known to
increase HSP expression in muscle (Locke and Noble 1995; Locke 1997), as a result of increased redox
signalling (Morton et al. 2009). Similarly chronic exercise training confers similar changes in HSPs as heat
acclimation, with enhanced basal expression (Morton et al. 2008) and an attenuated stress response to acute
exercise (Smolka et al. 2000). This augmented response is also observable for HIF-1α transcription (Ameln et al.
2005; Drummond et al. 2008) with evidence that long-term exercise training negatively regulates HIF-1α levels
contributing to skeletal muscle adaptation to exercise (Lindholm et al. 2014). This pathway may be accelerated
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following heat acclimation with a resultant reduction in RER demonstrating a blunted rate of glycolysis in favour
of metabolic lipolysis and preservation of glycogen.

2.5.2

Practical application of heat-hypoxic cross tolerance

The usefulness of the cross tolerance mechanism has a number of practical applications which may prove
effective for individuals due to be subjected to hypoxia in a similar manner to that described previously with
regards to increased thermotolerance via Hsp72 in a hot environment. Should an individual be entering
competition at altitudes significant to influence aerobic performance (threshold of ≥1600m, (Wilber 2004)) and
should more formal altitude/hypoxic training be unavailable, then the implementation of an exercise protocol
which has been shown to increase Hsp72 production following heat acclimation could be useful as a method for
reducing physiological and cellular stress, potentially decreasing the debilitating effects of altitude illness at
greater extents through provision of a protective mechanism for cells. At this current time, academic research
regarding the phenomenon of cross tolerance for and indeed heat stress proteins per se and practical applications
for human performance is lacking. Heat acclimation adaptations, such enhanced thermotolerance (McClung et al.
2008), changes in plasma volume and cardiac stability through reductions in HRV suggests that it may be a
useful tool when considering preparation for performance in unfamiliar and extreme environmental conditions. It
is also important to acknowledge that extreme environments considering likely to place increased physiological
stress on humans do not always occur in isolation (Tipton 2012), and that preparation for extremes of cold and
hot occur alongside high altitude. A means for preparing for subsequent physical work in these combined
stressors, through one protocol would address a number of mechanistic and applied pathways for attenuating the
stress and diminished work capacity that arises.
The clearest publication evidencing the link between exercise performance, and cognition in hypoxia, prior too,
and following heat acclimation was first published in 2012 (Heled et al. 2012). The mechanisms of adaptive
responses to heat have been discussed in previous detail, with improved exercise performance (Lorenzo et al.
2010), adjusted fuel utilisation (Kirwan et al. 1987), increased plasma volume expansion (Senay et al. 1976;
Nielsen et al. 1997; Takeno et al. 2001), improved myocardial efficiency and contraction (Levi et al. 1993a;
Horowitz 2002) measured by heart rate variability (Epstein et al. 2010), and reduced cardiovascular stress
(Buchheit et al. 2011) with more effective blood flow distribution (Lorenzo and Minson 2010), the most
pertinent markers for improved hypoxic tolerance at a physiological level. It is also known that the heat
acclimation phenotype and hypoxia share molecular and metabolic responses (Horowitz et al. 2004) with
hypoxic injury lessened in heat acclimated hearts (Levi et al. 1993a). Heat acclimation mechanisms have been
reported to be regulated by the hypoxic inducible factor -1α (HIF-1α) gene, which is also a master regulator of
oxygen homeostasis mediated cascades and of target genes related to vascular function such as vascular
endothelial growth factor, erythropoietin gene and erythropoietin receptor (Maloyan et al. 2005), particularly
important in haematological adaptations to hypoxia. The authors of the formative paper (Heled et al. 2012)
reported that 2 hr of fixed intensity (30% VO2max in 40°C / 40% R.H.) Heat acclimation reduced physiological
strain and improved cognitive performance in moderate hypoxia, although identification of mechanisms, and
optimisation of both heat acclimation strategies and assessment of adaptation to hypoxia require refinement.
Two recent experiments from the same research group have highlighted the role of Hsp72 in improving cellular
tolerance to not only to the well reported heat stress, but also hypoxic stress (Lee et al. 2014a). In the first
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experiment a single bout of rest then exercise (30 min rest, 90 min cycling at 50% normoxic V O2max) was
performed in four conditions normothermic normoxia (NORM; 18°C, FiO2 = 0.21), heat (HEAT; 40°C, 20%
RH), hypoxia (HYP; FiO2 = 0.14) or a combination of heat and hypoxia (COM; 40°C, 20% RH, FiO2 = 0.14)
(Lee et al. 2014a). Following the single bout of exercise participants completed a hypoxic stress test (FiO2 =
0.14) comprising 15 min of rest, then 60 min cycling at 50% normoxic VO2max. Following all exercise bouts
monocyte Hsp72 increased (NORM (107% ± 5.5%), HYP (126% ± 16%), HEAT (153% ± 14%) and COM
(161% ± 32%)), but had returned to near resting values 24 h after NORM (97% ± 8.6%) (Lee et al. 2014a).
Interestingly, the additional physiological strain of the HEAT, HYP and COM meant Hsp72 remained elevated
after HEAT (130% ± 19%), HYP (118% ± 17%) and COM (131% ± 19%). The authors determined that the
increase in the pre hypoxic stress test Hsp72 in HEAT, HYP and COM was the mechanism for the failure for
further Hsp72 increases to be induced post hypoxic stress test in those groups and Hsp72 data from these groups
were indicative of conferred cellular tolerance (Lee et al. 2014a). No difference in cardiovascular or
thermoregulatory strain was observed across hypoxic stress tests.
A follow up study from the same researchers subsequently investigated the effects of 3 days of heat acclimation
(STHA; 60 min cycling at 50% VO2max in 40°C, 20% RH) on the monocyte Hsp72 response to the same hypoxic
stress test in comparison to a normothermic training control (CON; 60 min cycling at 50% VO2max in 20°C, 40%
RH) (Lee et al. 2014b). Percentage changes in Hsp72 concentrations were similar between STHA and CON
following the baseline hypoxic stress test. STHA induced an increase in basal HSP72 with no changes observed
in CON. Percent change in Hsp72 was lower after HST2 in STHA compared to CON thus the mHSP72 response
to hypoxic exercise was attenuated following 3 days of heat acclimation. The authors concluded from the follow
up study that STHA improved cellular tolerance to hypoxia and the ability to cope with the hypoxic insult to a
greater extent that CON (Lee et al. 2014b). The proposed mechanism being potential mediation of hypoxic stress
by increased basal reserves of Hsp72 (Lee et al. 2014b). In comparison to the single bout exposure, the three
consecutive days of heat acclimation induced small, yet significant changes in cardiovascular and
thermoregulatory responses to the hypoxic stress test compared to normothermic exercise alone (Lee et al.
2014b). This observation gives confidence towards the cross acclimation mechanism at both cellular, and
physiological levels although limitations exist regarding the administration of the heat acclimation intervention
used.
When applied to working or exercising humans, these findings could potentially support the use of a heat
acclimation model as a means for military personnel to prepare for deployment to high-altitude environments
overseas, as well as for athletes competing at higher altitudes. However, due to the limited data available in
humans, it is unknown whether cross tolerance between heat and hypoxia will lead to a positive or negative cross
tolerance (White et al. 2014). It is unknown whether prior heat acclimation could alter exercise capacity during
high-altitude exposure in humans. Experiments using animal models suggest that acclimation to one
environmental stressor (i.e., heat acclimation) could enhance adaptation to various other stressors (i.e., hypoxia),
without any pre-exposure to that specific stressor (Ely et al. 2014). Thus, the novel use of an effective heat
acclimation protocol prior to occupation, travel to or competition at high altitude could serve as a possible
intervention for individuals as a means to reduced physiological strain and maintain or improve training quality
or competitive performance during high-altitude exposure (White et al. 2014). Additionally if somebody was
either less tolerant to hypoxia, or responded poorly to repeated exposures of hypoxia, but was a better responder
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to heat, then this could be a preferred/alternative option. The proposed molecular and systemic mechanisms of
this model may include (Salgado et al. 2014; White et al. 2014; Ely et al. 2014) activation of the HIF-1 pathway
in which muscle oxygen delivery is improved, expansion of PV leading to increases in venous return and
resultant maintenance of cardiac output during exercise at altitude and improved cardiac efficiency.
At this current time, academic research regarding the phenomenon of cross tolerance for acclimating for extreme
environments, the up regulations of heat stress proteins per se and practical applications for human performance
is lacking. However, theories and current literature suggests that it may be a useful tool when considering
preparation for performance in unfamiliar and extreme environmental conditions.
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2.6 AIM OF THESIS
To attenuate the negative physiological and cellular disruption to homeostasis in hypoxia via prior exercise heat
stress, optimal adaptation of the intervention to maximise adaptive pathways allied to plasma volume expansion
improving cardiac efficiency, hypoxic inducible factor-1α transcription promoting erythropoiesis, and
maintenance of cellular homeostasis via Heat Shock Proteins (Hsp) is required. This thesis will therefore consist
of a series of experiments which determine the optimal exogenous and endogenous criteria for maximising
physiological and cellular adaptation to exercise-heat stress (i.e. Heat Acclimation). Once the optimal heat
acclimation protocol has been identified, a further experiment will be performed to determine the efficacy of heat
acclimation in reducing hypoxia induced stress to a broad spectrum of physiological and cellular homeostatic
variables during rest and under low and moderate normoxia-derived exercise intensities.

2.6.1

Research questions arising from the literature review

The literature review forming this thesis has identified a number of areas for investigation still outstanding. It is
understood that heat acclimation can improve physiological responses to exercise in the heat and in temperate
conditions. A series of integrated physiological and cellular adaptations elicit this positive functional outcome.
Whilst the mechanisms associated with the heat acclimated phenotype are becoming well understood, these are
generally achieved through common long established protocols. Developments in the administration of exercise
training have been extensive, however little progression has been made with regards to training in the heat. Heat
acclimation is dependent on endogenous physiological strain – with an importance placed on the duration spent
actively attempting to dissipate heat. Refinements in heat acclimation administration may augment an optimised
and greater phenotypic adaptation, providing a more efficient protocol for preparing individuals for hot
exposures. Thus a comparison of heat acclimation methods is warranted.
Once an optimised heat acclimation strategy has been identified it remains to be determined whether heat
adaptation can effectively reduce physiological and cellular stress in hypoxia. This mechanism has been
successfully demonstrated in hot and humid, and cooler conditions, warranting research considering whether
cross tolerance/acclimation is a viable adaptive pathway, and which systems it may attenuate the established
increases in strain.
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2.7 PROPOSED RESEARCH STUDIES AND HYPOTHESES
The following research questions and associated hypotheses are proposed for this thesis
2.7.1

Relationship between eHSP72 and endogenous stress

Determine whether increased concentration of eHSP72 are correlated to endogenous markers of heat strain, and
to identify the most appropriate endogenous markers for eliciting effective exercise-heat administration in
humans.
•

2.7.2

It is hypothesised that a minimum endogenous criteria exists for the appearance of eHSP72 into
extracellular spaces during acute exercise-heat stress, and that only exercising in very hot conditions
would provide sufficient internal systemic strain for such appearance.

Differences in physiological adaptation to different heat scclimation methods

Determine whether any differences in heat adaptation occur between an established exogenous controlled, fixed
intensity heat acclimation methods, an endogenous controlled, isothermic heat acclimation method, and a
stepwise progressive endogenous isothermic heat acclimation method, after both STHA and LTHA periods.
•

2.7.3

It is primarily hypothesised that the rate of phenotypic adaptation would be greater in isothermic heat
acclimation methods in comparison to fixed methods due to sustained strain. Secondly it is
hypothesised that the greatest rate of adaptation would be induced by utilising a progressive isothermic
method.

Differences in physiological adaptation to different heat acclimation methods

Determine whether different Hsp72 mRNA responses exist between an exogenously controlled, fixed intensity
HA, an endogenously controlled continuous isothermic heat acclimation method, and a progressive endogenous
isothermic heat acclimation method.
•

2.7.4

It is hypothesised that Hsp72 mRNA would increase following completion of an acute heat acclimation
session, irrespective of the method used; however isothermic methods would sustain the magnitude of
increase throughout STHA and LTHA periods due to sustained elevations in core temperature, with an
increase in target core temperature progressively increasing transcription.

Efficacy of cross acclimation and cross tolerance

Determine whether an optimised heat acclimation protocol was able to reduce physiological strain and the
cellular stress response to rest, moderate and high intensity exercise during an acute hypoxic exposure. In
comparison to exercise in temperate conditions.
•

It is hypothesised that the increased thermal strain of the heat acclimation training in comparison to
normothermic training will induce greater adaptations specific to the cardiovascular system and
consequently reductions in both physiological strain, and the cellular stress response to hypoxia will be
observed.
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3 GENERAL METHODS
This chapter describes the common materials and methods used in a series of studies described in the
experimental chapters within this thesis. Each of these methods were conducted in British Association of Sport
and Exercise Sciences (BASES) accredited laboratories. In experimental chapters using additional or modified
measures, full descriptions are found within the methods section of that specific chapter. All experimental
chapters followed the principles outlined by the Declaration of Helsinki of 1975, as revised in 2013.

3.1 HEALTH AND SAFETY
All experiments in this thesis were approved by the University of Brighton Research Ethics Committee and data
collection for the experimental chapters was carried out within the University of Brighton, Welkin Human
Performance Laboratories. Biological materials and waste were handled and disposed of with regard to relevant
guidelines. All experimentation was carried out in line with University of Brighton standard operating
procedures. During each data collection session at least two experimenters were present throughout, at least one
of whom was qualified at first aid and to use an automated external defibrillator. For experimental chapters
where the use of the hypoxic chamber is described, two experimenters were separated so that one was located
within the hypoxic chamber attending to the participant, and one experimenter was located external to the
chamber to ensure health and safety of both individuals exposed to hypoxia.
Control of Substances Hazardous to Heath (COSHH) sheets were completed for every powder or solution used
within the study. Risk assessments were also completed for use of all laboratories, hypoxic and heat chamber
facilities, exercise and invasive techniques such as venepuncture, and temperature measurement including rectal
thermometry. All apparatus was cleaned before and after use. Metabolic gas collection equipment such as
facemasks were soaked in Virkon disinfectant (1% Antec Int. Suffolk, UK) for at least 10 minutes, followed by a
thorough rinse in cold water and drying prior to use.
All reusable equipment contacting human tissue or fluid, namely muscle temperature probes, were sterilised by
autoclave (AMB220 Benchtop Autoclave, Astell Scientific, Kent, UK) for a period of 20 minutes during which
high pressure saturated steam of 121°C was exposed to equipment sealed in autoclave sterilizer wrapping and
tape. Rectal thermistors and all other non-reusable waste were disposed of by immediate placement in marked
biohazard waste containers and incinerated. Sharps, such as venepuncture and muscle temperature needles,
scalpels and stitching needles, were also disposed of in marked sharps containers and subsequently incinerated.
Electrical equipment contacting the body such as heart rate monitors, skin temperature thermistors and saturation
probes were cleaned using warm water and soap, followed by an alcohol cleaning wipe.
Experimental trials were started only after participants involved provided written informed consent. For each
individual experimental study, participants were provided with a participant information sheet detailing the study
design, participant requirements and risks and benefits, written using lay terms. Participants were also invited to
ask questions regarding the study, before they consented to undertaking the research. Participants were informed
that they could withdraw from the study at any time without providing justification or explanation, or without
incurring any penalty.
Page | 101

Experiments were stopped if any of the following criteria were met:
•

The participant asked to stop the test. Participants were not required to give any reason for this;

•

The experimenter felt it appropriate to stop the test whether it be for equipment issues, or the participant
displaying signs of discomfort or illness, including, but not limited to chest pain, dypsnea, nausea,
vomiting, generic pain/discomfort, faintness or dizziness;

•

The rectal core temperature increased to >39.7°C.

•

This rectal core temperature safety limit is set by the University of Brighton Research Ethics
Committee.

3.2 PARTICIPANTS
3.2.1

Medical criteria and recruitment

Healthy male subjects were recruited for this programme of study. The female menstrual cycle hormonal
fluctuations are known to alter core temperature (Shechter and Boivin 2010), thus timing of heat acclimation
may have coincided with variation in core temperature, and with particular reference to the isothermic
acclimation sessions influenced the level of thermal strain experienced by participants. In light of this female
participants were excluded from inclusion within experimental chapters.
For each experiment a different cohort of participants was recruited via voluntary response to advertising
posters, emails, and via social media. Participation in each experiment was conditional upon the completion of a
medical questionnaire with no contraindications for participation. Participants were excluded from participation
if they had been verified, or documented as having any blood carried infections (Hepatitis, HIV), were diabetic,
or presented with a known history of haematological, cardiac, respiratory, or renal disease. Additionally
individuals with known anal problems such haemorrhoids, fissures and anal bleeding or those with a history of
symptoms of nausea or light-headedness resulting from needles, probes or other medical-type equipment were
not recruited. Participants were also instructed to abstain from prolonged thermal exposures (baths, saunas,
steam rooms, tanning devices) and refrain from participating in vigorous physical activity or exhaustive exercise
and alcohol consumption 2 days prior too, and throughout the duration of each experiment. Participants were
excluded from commencing any experimental chapter until they had been absent from any actual or artificially
induced cold, hot and/or humid environment or hypoxic exposure (including air travel) for a minimum period of
eight weeks.
3.2.2

Additional considerations

The confounding variables of smoking (Anbarasi et al. 2006), caffeine (Lu et al. 2008), glutamine (Singleton,
KD. 2004), generic supplementation (Hillman et al. 2011), thermal exposures (Selkirk et al. 2009), hypoxic
exposures (Taylor et al. 2010a), hyperbaric exposures (Taylor et al. 2012) and alcohol (Taylor et al. 2010b) were
all controlled in line with previous work in the field (Taylor et al. 2011). Each volunteer was given instructions
for dietary requirements in accordance with published guidelines and requested to maintain identical diets in the
immediate 48hrs prior to each experimental session (Canada 2009).
Participants were instructed to present to the laboratory in a euhydrated state. Euhydration was confirmed by
analysis of urine osmolality and urine specific gravity via refractometery from a collected sample of ~100 mL,
see 3.9 Hydration Measurement for acceptable limits. Participants failing to present euhydrated were required to
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consume 500 mL of water and rest for 30minutes upon which a further sample was analysed, the cycle was
repeated until euhydration was achieved.

3.3 ANTHROPOMETRY
3.3.1

Height

Height was measured using a fixed stadiometer (SECA). Participants were required to stand vertically in the
anatomical position facing away from the stadiometer scale into the laboratory. The stadiometer arm was
lowered until it rested horizontally on the most superior aspect of the head. The scale was then read to the nearest
0.5 cm.

3.3.2

Body mass

Nude body mass (NBM) was recorded to the nearest 10g using Adam GFK 150 weighing scales. Participants
were required to stand dried and nude on the plate until the digital display stabilised. This procedure was carried
out by participants in a private room, where participants self-reported their body mass to the experimenter.

3.3.3

Body composition

Skinfold thickness was determined from the right side of each participant whilst stood in the anatomical position
in ambient laboratory conditions. The thickness of each skinfold was measured to the nearest 2mm from four
sites. The iliac crest, also referred to as suprailliac was measured as a diagonal fold raised immediately above the
rest of the illium on a vertical line from the mid-axilla. An oblique subscapular skinfold was identified by
raising 1cm below the inferior angle of the scapular at approximately 45° to the horizontal plane following
natural cleavage lines of the skin. A vertical skinfold was raised for measurement of the biceps and triceps. The
triceps fold was located on the posterior aspect of the medial triceps at the midpoint between the olecranon
process and the acromion process with the hand supinated. The biceps skinfold was raised on the anterior aspect
of the biceps, at the same level as the triceps skinfold. Body density was calculated in accordance with Durnin
and Womersley (1974) using the following equation consistent with the participants recruited. Following
determination of body density, % body fat was calculated according to the method described by (1956) below.
Equation 3.1 Calculation of Body density for adult males (Durnin and Womersley 1974)
Body density = 1.1610 – 0.0632 Log ∑ Iliac Crest, Subscapular, Triceps, Biceps
Equation 3.2 Calculation of percentage body fat for human populations (Siri 1956)
% Body Fat = (4.95-4.5) x 100
Body surface area was calculated in accordance with the formula of Du Bois and Du Bois (1916) as follows.
Equation 3.3 Calculation of Body Surface Area (BSA) (Du Bois and Du Bois 1916)
BSA (m²) = 0.20247 x Height (m) 0.725 x Weight (kg) 0. 425
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3.4 ENVIRONMENTAL CONDITIONS
3.4.1

Ambient laboratory temperature control

During preliminary testing subjects performed exercise in ambient laboratory conditions maintained at 18-22°C
using industrial air conditioning. No control was made for humidity though it was recorded alongside barometric
pressure (Weather Station, Oregon Scientific, Oregon, USA).

3.4.2

Experimental temperature and humidity control

All exercise-heat experimental sessions were performed in a large purpose built environmental chamber
(WatFlow control system; TISS, Hampshire, UK), with computer controlled monitoring and maintenance of
desired external environmental chamber conditions with an available range of -20 to +50°C and 20-95% relative
humidity. During exercise-heat stress experimental sessions, manual recording of the chamber’s elicited
conditions was performed every 5 minutes to describe accurately the environment experienced by participants.

3.4.2.1

Calculation of wet bulb globe temperature (WBGT)

Wet bulb globe temperature, the accepted international standard (ISO 7243) for the quantification for heat stress,
was calculated from dry temperature and humidity readings displayed by the automated control of the purpose
built indoor environmental chamber all exercise-heat exposure sessions were performed in. Originally introduced
by Yaglou and Minard (1957), WBGT combines the effect of humidity, wind, environmental temperature in the
shade, sun and surface radiation to calculate the heat stress index when in an outdoor environment.
WBGT was later modified to permit determination of heat stress indoors on the assumption that in an indoor
environment globe temperature approximates ambient temperature. Owing to the indoor location of all
experimental trials, where solar radiation is negligible, the following formula was used.
Equation 3.4 Calculation of Wet Bulb Globe Temperature (WBGT)
WBGT (°C) = 0.7Tw + 0.3Td

Note: Tw (°C) is the natural wet bulb temperature and Td (°C) is the dry bulb temperature reported from the computer
display on the control of the chamber (Epstein and Moran 2006).

3.4.3

Hypoxic conditions

A large purpose built hypoxic chamber (The Altitude Centre, UK) was used to create the hypoxic/ simulated
altitude environment. The chamber used nitrogen enriched gas facilitated by computer controlled generators to
generate and control the level of hypoxia. Monitoring of the level of hypoxia and target inspired oxygen fraction
(FiO2) was controlled by computer programme (The Altitude Centre, UK) and confirmed by three O2 sensors
affixed around the internal and external walls of the chamber within the laboratory. Thermal control of the
hypoxic chamber was facilitated by a large internal air conditioning unit set to 20°C/ 40% R.H. Recording of the
FiO2 was performed every 5 minutes to describe accurately the environment experienced by participants.
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3.5 EXERCISE
During all exercise trials participants were required to wear the same style and material of clothing to minimise
the effects of clothing on heat storage (Corbett et al. 2014a).

3.5.1

Cycle ergometry

All cycle ergometry was performed on a Monark E874 cycle ergometer. Power was controlled by manipulating
resistance on the suspended weight pan using increments of 0.1kg; a fixed cadence of 80 revolutions per minute
(rpm) was used for all preliminary and experimental trials to minimise changes in heart rate variability and
ventilation, thus potentially influencing physiological data collection, associated with changes in cadence (Lunt
et al. 2011) and cycle efficiency at differing cadences (Williams and James 2001). Calculations of power outputs
in Watts (W) during cycle ergometry against different masses (kg) on the weight pan and at different revolutions
per minute (rpm) on the Monark E874 were made as follows (Williams and James 2001).
Equation 3.5 Calculation of work during cycle ergometry
Work (J) = Force (N) x Distance (m)
= Mass (kg) x Acceleration (m.s-2) x Revolutions (rpm) x Distance per revolution (m)
Example
= 0.3 x 9.81 x 80 x 6
= 1412.6 J.min-1
Equation 3.6 Calculation of power from work during cycle ergometry
Power (W) = Work (J) / Time (s)
Example
= 1412.6 / 60
= 23.5 W or 24 W (1 J.s-1 = 1 W)

3.5.2

Maximal/peak oxygen uptake

Maximal or Peak Oxygen uptake (VO2max or VO2peak) were determined as a means for estimating pre testing
aerobic capacity and intensity for the subsequent testing protocols. Participants performed an incremental VO2peak
test on a cycle ergometer at a starting intensity of 80W in ambient laboratory conditions (20°C, 40% R.H.).
Resistance (0.3 kg.min-1) was applied to the fly wheel to elicit an increase of 24W.min-1 whilst the participant
was informed to maintain a constant cadence of 80 rpm. The test was complete when the participant reached
volitional exhaustion, or could not maintain cadence within 5% of target.
Expired metabolic gas was measured using online gas analysis (Metamax 3X, Cortex, Germany) and values
exported with internally mixed samples from the preceding 10 seconds reported. For calibration method see
3.7.2. of this chapter. The peak VO2 value recorded during each 10 second sample reported within each 60
second stage was noted for analysis. Heart rate was recorded during all exercise tests by telemetry (Polar Electro
Oyo, Temple, Finland).
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Criteria for determining whether VO2max or a VO2peak had been achieved was conducted in accordance with the
end-point criteria guidelines of the British Association of Sport and Exercise Sciences (Winter, 2007); namely
achievement of a plateau (less than 2 mL.kg-1.min-1 or 150 mL.min-1) in VO2max despite increase in workload to
next stage. Heart rate within 10 b.min-1 of age predicted maximum, blood lactate above 8 mmol.L-1, and a
respiratory exchange ratio (RER) of 1.15 or above.
Equation 3.7 Calculation of Age Predicted Maximum Heart Rate (HRmax) (Tanaka et al. 2001)
HR max = 208 - 0.7 x age (years)
Equation 3.8 Calculation of Respiratory Exchange Ratio (RER) (Williams et al. 2008)
Respiratory Exchange Ratio =VCO 2 /VO 2

3.5.3

Calculation of exercise intensity and power as a percentage of maximal/peak oxygen
uptake

A linear relationship between exercise intensity and oxygen uptake (VO2) is known. Following data collection
VO2 (L.min-1) was plotted against the equivalent power (W) at that stage, and the slope (m) and intercept (c) of
the linear relationship were identified. The maximum recorded VO2 (L.min-1) was then multiplied by the fraction
of the target exercise intensity i.e. 50% VO2peak = 0.5 to give an equivalent VO2 value (x). The power at the target
exercise intensity (y) was calculated based upon the equation of a straight line.
Equation 3.9 Equation of a straight line
y=m*x+c

Example calculation of 50% V O2peak (y) from the following data collected during an incremental
cardiopulmonary exercise test (sample participant from chapter 4, data within Table 3.1 and Figure 3.1).
y = 87.33 * x - 54.923 (x = 4.788 * 0.5 = 2.39 L.min-1)
y = 87.33 * 2.39 - 54.923
y = 154.1 W

Table 3.1 Participant VO2 and workload (W) data from incremental test
Power (W)

80

104

128

152

176

200

224

248

272

296

320

344

VO2 (L.min-1)

1.7

1.87

2.15

2.39

2.53

2.79

3.06

3.4

3.64

4.23

4.35

4.79
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Figure 3.1 Participant VO2 and workload data from incremental test

3.6 EXERCISE - HEAT STRESS
3.6.1

Fixed heat acclimation

Experimental sessions requiring fixed heat acclimation as a mode for regulating exercise-heat stress were
structured so that participants would enter the purpose built environmental chamber with the desired external
experimental temperature already achieved. Participants were then required to exercise continuously at a fixed
intensity of 50% of normoxic VO2peak until criteria for cessation (i.e. ethical Trec limit, or completion of target
duration) was met.

3.6.2

Isothermic heat acclimation

Experimental sessions requiring isothermic heat acclimation as a mode for regulating exercise-heat stress were
structured so that participants would enter the purpose built environmental chamber with the external
experimental temperature of 40°C achieved. Subjects were then required to exercise until the target Trec was
attained. Upon approach towards the target Trec exercise intensity was reduced so that Trec was maintained at
desired levels of stress for a period of 90 minutes.
A pilot study was carried out prior to implementation of the Isothermic Heat Acclimation to determine the most
appropriate relative power for the most rapid, but sustainable, and non-fatiguing to failure intensity for
participants. One healthy male (age 28 years, height 189 cm, nude body mass 80.04 kg, %body fat 7.1 %, VO2peak
3.93 L.min-1 @ 272 W) cycled in 40°C/40% R.H. until core temperature reached 39.0°C at three exercise
intensities, 50% of VO2peak (1.97 L.min-1; 112 W), 60% of VO2peak (2.36 L.min-1; 144 W), 70% of VO2max (2.75
L.min-1; 176 W). The duration (min) to Trec of 38.5°C and 39.0°C was noted, as was HR, RPE and TSS every
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5min. Following achievement of Trec = 39.0°C, rate of change was also calculated. The following data was
observed.
Table 3.2 Physiological data from pilot testing to determine start intensity for Isothermic Heat Acclimation
Measure

50% of VO2peak

60% of VO2peak

70% of VO2peak

Duration to Trec 38.5°C (min)

40

33

27

Duration to Trec 39.0°C (min)

60

42.3

35

Rate of Trec Increase (°C.min-1)

0.04

0.05

0.09

Rate of Trec Increase (°C.hr-1)

2.4

3

5.4

Mean HR (b.min-1)

115

157

166

HR at 38.5°C (b.min-1)

115

168

171

HR at 39.0°C (b.min-1)

127

165

172

Mean Physiological Strain Index (PSI)

3.59

5.55

6.33

PSI at 38.5°C

5.11

7.76

7.87

PSI at 39.0°C

6.73

8.73

8.63

RPE at 38.5°C

13

16

18

RPE at 39.0°C

16

18

19

TSS at 38.5°C

5.5

7.5

7.5

TSS at 39.0°C

6.5

7.5

7.5

Périard and colleagues (2012) reported fixed intensity cycling in 40°C/ 50% R.H. elicited a rate of T rec increase
of 2.1°C.hr-1 from an intensity of 60% VO2peak compared with 4.2°C.hr-1 at 75% VO2peak. The 75% trial culminated
in exhaustion (HR= 99.5 ± 1.9%HRmax, RPE = 20, blood lactate 10.9±4.8 mmol.L-1) from the 16 participants in
27.2 min, suggesting the intensity was too great to proceed with further exercise in an isothermic model, in
comparison with the 60% VO2peak which elicited a more favourable duration to exhaustion of 58.9min (HR= 96.2
± 4.0%HRmax, RPE = 18, blood lactate 4.8±2.5 mmol.L-1). Both intensities reported increased eHSP72 from pre
exercise, to exhaustion. Evidence published in a running model (Wright et al. 2012) reported that “fast heating”
was achieved at 65%V O2peak during exercise-heat stress in 40°C/ 30% R.H. with the target Trec of 39.5°C
achieved in between 34.8 ± 2.6 and 39.8 ± 4.1min, a rate of 0.07(°C.min-1) or 4.2°C.hr-1. Acknowledgement of
published data and the pilot work presented suggested that an initial start intensity of 65% of VO2peak would elicit
an increase of core temperature to the primary limit of 38.5°C within approximately 30minutes, allowing
participants to experience ~60minutes of isothermic heat stress.

3.6.3

Heat tolerance test

Experimental sessions requiring fixed heat tolerance tests as a mode for determining tolerance to the external
heat and humidity were structured so that participants would enter the purpose built environmental chamber
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following a 20 minute stabilisation period where resting measures were recorded. Participants subsequently
entered the environmental chamber (40.0 ± 0.1 °C and 28.4 ± 6.6 % RH; WBGT 29.5 °C) to perform the HTT
which consisted of 30 minutes running at 9 km.hr and 2 % elevation (Mee et al. 2015a). Exercise was terminated
if Trec ≥39.7 °C or the participant withdrew due to volitional exhaustion and the participants could no longer
maintain the treadmill speed despite strong verbal encouragement.

3.7 THERMOREGULATORY MEASUREMENT
3.7.1

Rectal temperature

Rectal temperature was used as an indicator of core internal temperature. Rectal temperature was measured using
a disposable rectal thermistor probe (Henleys Medical Supplies Ltd, Welwyn Garden City, England) inserted
10cm past the anal sphincter (Taylor et al. 2014b). The depth was marked and stability of the thermistor
improved by wrapping a small amount of zinc oxide tape around the 10cm insertion depth. Rectal temperature
was observed to 0.01°C using a temperature logger (Meas Spec 4600, Measurement Specialities, Virginia,
USA).

3.7.1.1

Reliability of rectal temperature measurement

To determine the reliability of rectal temperature measurement within our laboratories two exercise-heat stress
sessions were performed by an individual approximately representing the mean participant demographic (age 30
years, height 189cm, nude body mass 78.44 kg, body fat 6.4 %, VO2peak 4.172 L.min-1 @ 344 W).
The participant undertook two sessions (Day1 and Day2) commencing at 07:00, separated by 7 days. On each
testing day, two rectal thermistors were inserted to a depth of 10 cm past the anal sphincter. Prior to
instrumentation, the participant voided his bowels, and provided a urine sample to ensure adequate hydration.
Following instrumentation the participant began the exercise-heat stress reliability session. The exercise-heat
stress session (ALL) was designed to replicate an isothermic heat acclimation session and consisted of 20
minutes of seated rest (REST) in temperate laboratory conditions (20°C 40% RH), this was proceeded by 30
minutes of cycling at 65% VO2peak (EXERCISE; 201 W) and 60 minutes of seated rest (ISOTHERMIC REST) in
the environmental chamber (40°C 39% RH). Rectal temperature was recorded from two independent data
loggers at two minute intervals.
The absolute and relative technical errors of measurement (TEM) was calculated for the whole session (ALL),
and for individual segments within each session, i.e. REST, EXERCISE, ISOTHERMIC REST.

3.7.1.1.1.1

Technical error of measurement

The TEM gives an indication of the precision associated with the measure, which is the error of the method due
to both biological and technical factors (Norton et al. 1996). Technical error of measurement (TEM) is the
variability encountered between dimensions when the same specimens are measured at multiple sessions (Harris
and Smith 2009). Within the experimental chapters of this thesis the aim is to minimise TEM. TEM, regardless
of discipline, report that it is substantial and can affect results and inferences (Harris and Smith 2009).
Statistically, TEM is part of the residual ('unexplained') variance in a statistical test, so accounting for TEM,
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which requires repeated measurements, enhances the chances of finding a statistically significant difference if
one exists (Harris and Smith 2009).
Equation 3.10 Calculation of absolute technical error of measurement (Norton et al. 1996)
Absolute TEM =

∑

d 2 / 2n

Equation 3.11 Calculation of relative technical error of measurement (Norton et al. 1996)
Relative TEM (%) = (TEM/[Mean1+Mean2]/2) x 100
Intra-session reliability was calculated from data obtained from Trec1 and Trec2 within the first session (D1).
Inter-session reliability was calculated from data obtained from the mean of Trec1 and Trec2 between the first
session (Day1) and second session (Day2). In addition to the absolute Trec being analysed (°C), the intra- and
inter-session TEM was also calculated for the change in Trec from baseline (°C), and the rate of change in Trec
(°C.min-1). This reliability data can therefore be used to calculate the true biological difference in rectal
temperature within and between sessions, minus any changes due to the biological and technical elements that
influence this technical source of variation.
Table 3.3 Intra session reliability data for the whole of the first exercise-heat stress trial (ALL), the rest period of
the first exercise-heat stress trial (REST), the exercise period of the first exercise-heat stress trial (EXERCISE),
and the isothermic rest period of the first exercise-heat stress trial (ISOTHERMIC).

REST

ALL

Measured Trec
(°C)

EXERCISE

Rate of Trec increase
(°C.min-1)

Trec 1

Trec 2

Trec 1

Trec 2

Trec 1

Trec 2

Mean

38.30

38.28

1.50

1.48

0.87

0.85

Standard Deviation

0.98

0.97

0.98

0.97

0.02

Absolute TEM

0.03

0.04

0.01
0.01

Relative TEM (%)

0.02

0.62

15.65

Correlation

r = 1.000

r = 1.000

r = 0.969

p < 0.001

p < 0.001

p < 0.001

Mean

36.86

36.86

0.70

0.71

0.05

Standard Deviation

0.04

0.05

0.06

0.06

0.00

Absolute TEM

0.01

0.001

0.05
0.00
0.004

Relative TEM (%)

0.01

2.63

20.89

Correlation

r = 0.990

r = 0.990

r = 0.893

p < 0.001

p < 0.001

p < 0.001

Mean

37.88

37.85

1.08

1.05

0.07

Standard Deviation

0.79

0.76

0.79

0.76

0.04

Absolute TEM

0.04

0.04

0.07
0.03
0.01

Relative TEM (%)

0.03

1.02

2.73

Correlation

r = 1.000

r = 1.000

r = 0.984

p < 0.001
ISOTHERMIC

Change Trec
(°C)

p < 0.001

p < 0.001

Mean

39.03

39.01

2.23

2.21

-0.01

Standard Deviation

0.31

0.32

0.31

0.32

0.03

-0.01
0.03

Absolute TEM

0.03

0.03

0.01

Relative TEM (%)

0.02

0.31

28.50

Correlation

r = 0.999

r = 0.999

r = 0.914

p < 0.001

p < 0.001

p < 0.001
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Figure 3.2 Rectal temperature during the intra-session reliability exercise-heat stress protocol

Figure 3.3 Relationship between measured Trec1 and Trec2 within the intra-session reliability exercise-heat stress
protocol
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Figure 3.4 Change in rectal temperature during the intra-session reliability exercise-heat stress protocol

Figure 3.5 Relationship between measured change in Trec1 and Trec2 within the intra-session reliability exerciseheat stress protocol
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Figure 3.6 Rate of rectal temperature change during the intra-session reliability exercise-heat stress protocol

Figure 3.7 Relationship between measured rate of change in Trec1 and Trec2 within the intra-session reliability
exercise-heat stress protocol
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Table 3.4 Inter session reliability data for the whole of the first exercise-heat stress trial (ALL), the rest period of
the first exercise-heat stress trial (REST), the exercise period of the first exercise-heat stress trial (EXERCISE),
and the isothermic rest period of the first exercise-heat stress trial (ISOTHERMIC).

ISOTHERMIC

EXERCISE

REST

ALL

Measured Trec
(°C)

Change Trec
(°C)

Rate of Trec increase
(°C.min-1)

Day1

Day2

Day1

Day2

Day1

Day2

Mean

38.29

38.11

1.49

1.42

0.01

0.02

Standard Deviation

0.97

0.88

0.97

0.88

0.01

0.02

Absolute TEM

0.25

0.23

0.02

Relative TEM (%)

0.17

4.00

36.44

Correlation

r = 0.986

r = 0.986

r = 0.835

p < 0.001

p < 0.001

p < 0.001

Mean

36.86

36.81

0.06

0.12

0.00

0.01

Standard Deviation

0.04

0.07

0.04

0.07

0.01

0.03

Absolute TEM

0.07

0.08

0.02

Relative TEM (%)

0.05

20.84

98.05

Correlation

r = 0.668

r = 0.696

r = 0.480

p = 0.019

p = 0.017

p = 0.135

Mean

37.86

37.64

1.06

0.95

0.07

0.06

Standard Deviation

0.77

0.68

0.77

0.68

0.03

0.03

Absolute TEM

0.24

0.15

0.02

Relative TEM (%)

0.16

3.17

6.39

Correlation

r = 0.999

r = 0.999

r = 0.933

p < 0.001

p < 0.001

p < 0.001

Mean

39.02

38.81

2.22

2.12

-0.01

0.00

Standard Deviation

0.31

0.13

0.31

0.13

0.03

0.02

Absolute TEM

0.30

0.23

0.03

Relative TEM (%)

0.19

2.69

103.49

Correlation

r = 0.839

r = 0.839

r = 0.474

p < 0.001

p < 0.001

p = 0.007
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Figure 3.8 Rectal temperature during the inter-session reliability exercise-heat stress protocol

Figure 3.9 Relationship between measured rectal temperature on Day1 and Day2 within the inter-session
reliability exercise-heat stress protocol
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Figure 3.10 Change in rectal temperature during the inter-session reliability exercise-heat stress protocol

Figure 3.11 Relationship between measured change in rectal temperature on Day1 and Day2 within the intersession reliability exercise-heat stress protocol

Page | 116

Figure 3.12 Rate of rectal temperature change during the inter-session reliability exercise-heat stress protocol

Figure 3.13 Relationship between measured rate of rectal temperature change on Day1 and Day2 within the
inter-session reliability exercise-heat stress protocol
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3.7.2

Muscle temperature

Muscle temperature was be recorded using a muscle temperature probe (Ellab Medical Precision Thermometer,
Copenhagen) inserted to a consistent depth ~30 mm at a 45° to the horizontal into the anatomical site marked
superficially above the Vastus Lateralis of the right leg through a 1.2 mm hypodermic needle (Microlance 3,
Ireland). Once the temperature had stabilised (~5 sec), values were read from a temperature logger (Ellab,
Copenhagen; sensitivity 0.1°C). Ninety minutes before arrival at the laboratory, participants were instructed to
place 5 g of topical anaesthetic cream (EMLA, AstraZeneca UK, Luton, UK) on the location marked for
insertion.

3.7.3

Skin temperature

Skin temperature (Tsk) was measured using a data logger (Squirrel Meter Logger, Grant Instruments, Cambridge,
UK) and skin thermistors attached to the right hand side of the body at the following sites; pectoralis major
muscle belly (Tchest); lateral head of triceps brachii (Tarm), rectus femoris muscle belly (Tthigh) and lateral head of
the gastrocnemius (Tcalf) (Ramnathan, 1964). Skin thermistors were attached using zinc oxide tape (Cramer
Products Inc., Kansas, USA) on the skin sites. Mean skin temperature was calculated as follows.
Equation 3.12 Skin temperature calculation (Ramanathan 1964).
T sk (°C) = 0.3 (T chest +T arm ) + 0.2 (T thigh +T calf )

3.8 CARDIOPULMONARY MEASUREMENTS
3.8.1

Peripheral arterial oxygen saturation

Peripheral arterial oxygen saturation (SaO2) was estimated using a fingertip pulse oximeter (Nonin 2500, Nonin
Medical Inc, Minnesota, USA). Values were recorded after participants had worn the pulse oximeter for a period
of 15 seconds to allow stability of readings in accordance with established guidelines (Iyriboz et al. 1991).

3.8.2

Metabolic gas analysis

During appropriate experimental sessions, expired metabolic gas was measured using online gas analysis
(Metamax 3X, Cortex, Germany) and values exported from the associated software (Metasoft, Cortex, Germany)
with internally mixed samples from the preceding 10seconds reported.
Calibration was performed for pressure, volume turbine, and gas sensors prior to each use to ensure accuracy
(Williams and James 2001; Williams et al. 2008). Barometric pressure was determine and calibrated to the
device from a portable barometer (Weather Station, Oregon Scientific, Oregon, USA). Volume calibration
required simulated inspiration and expiration via manual syringe (3L, Hans Rudolph, Germany) for 5 acceptable
cycles eliciting a flow rate of 2-4 L.s-1. Gas concentration calibration required two known O2 and two known
CO2 concentrations, known as Gas 1 and Gas 2, to be sampled until stabilisation of sensors had been achieved.
Gas 1 was required to represent close to the inspired fraction and Gas 2 close to the expired fraction. For ambient
trials, including maximal/peak oxygen uptake assessment, Gas 1 was taken directly from the ambient
environment (FiO2 = 0.2093 FiCO2 = 0.0005), Gas 2 was drawn from a contained gas cylinder (FiO2 = 0.17
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FiCO2 = 0.05) into a clamp sealed collection bag which was immediately affixed to the sample line. For hypoxic
trials, Gas 1 was taken directly from the hypoxic environment (FiO2 = 0.14 FiCO2 = 0.0005), Gas 2 was drawn
from a different contained gas cylinder (FiO2 = 0.07 FiCO2 = 0.05). Prior to the commencement of each test,
software automated further sampling of the ambient environment to ensure accuracy.

3.8.3

Heart rate

During exercise-heat experimental sessions heart rate was recorded during all exercise tests by short range
telemetry from a moistened chest strap, reporting for display on a wrist watch device (Polar Electro Oyo,
Temple, Finland).

3.9 HYDRATION MEASUREMENT
3.9.1

Urine specific gravity

Urine specific gravity (USG) was assessed using a refractometer (Specific Gravity Refractometer, Model 32,
Atago, USA). Following daily calibration with distilled water (USG = 1.000) a small volume of (~2 mL) of urine
was placed onto the glass window and the window flap closed. The refractometer was then held towards a well
lit area and the values observed through the eye piece from the scale within. Euhydration was accepted as USG <
1.020 (Sawka et al. 2007).
Table 3.5 Inter session reliability data for Urine Specific Gravity

n = 12

Urine Specific Gravity
n
Data 1

Data 2

Mean

1.009

1.009

Standard Deviation

0.006

0.006

Absolute TEM

0.00

Relative TEM (%)

0.03

Correlation

r = 0.978
p < 0.001
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3.9.2

Urine osmolality

Urine Osmolality (OSMO) was measured using a handheld osmometer (Pocket Osmocheck, Vitech Scientific,
UK). Following daily calibration with distilled water (OSMO = 0000 mOsm.kg-1) a small volume (~50 µL) of
urine was placed onto the osmometer and read to determine osmotic strength. Euhydration was accepted as
OSMO = < 700 mOsm.kg-1 (Sawka et al. 2007).

Table 3.6 Inter session reliability data for Urine Osmolarity

n = 12

Urine Osmolality
mOsm.kg-1
Data 1

Data 2

Mean

327

326

Standard Deviation

196

189

Absolute TEM

13.23

Relative TEM (%)

1.0

Correlation

r = 0.998
p < 0.001

3.10 PHLEBOTOMY AND BIOCHEMISTRY
3.10.1 Venepuncture blood sampling
All venepuncture samples were taken from the anticubital fossa using a sterile needle (BD Microlance 3 Needles,
BD infusion Therapy AB, Helingborg, Sweden) and syringe (B&D Plastipak 10 mL Syringe, Becton &
Dickinson UK, Oxford, UK). Prior to venepuncture, the participant was placed into a sitting or lying position, an
appropriate arm was chosen and the area cleaned using alcohol wipes. A tourniquet was used to aid vein
selection and needle insertion prior to the drawing of blood into the syringe. Following collection, the tourniquet
was released and the needle removed from the vein, the location of venepuncture was then compressed using
tissue until bleeding ceased.

3.10.2 Blood plasma separation
Collected whole blood was immediately transferred into 5 mL tubes containing ethylenediaminetetraacetic acid
(EDTA: 32.332 Sarstedt, Akteingesellscaft & Co, Numbrecht, Germany) or 5 mL clear centrifuge tubes (32.320
Sarstedt, Akteingesellscaft & Co, Numbrecht, Germany) depending upon required analyses. Whole blood
samples were centrifuged (Eppendorf 5804 R Centrifuge) at 5000 rpm for a period of 10mintes to separate
plasma for appropriate analysis. Blood plasma was separated via pipetting (Eppendorf Research/Research Pro)
into 2 mL microtubes (Eppendorf) and stored at -86°C (Sanyo Ultra Low, VIP Series) until analysis. Typically
three aliquots per sample point were stored for analysis.
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3.10.3 Determination of extracellular HSP72
Extracellular HSP72 (eHSP72) concentration was determined using a HSP70 high sensitivity enzyme
immunometric assay (EIA) kit (Assay Designs Inc, Michigan, USA). HSP70 quantitative determination was
performed according to manufacturer’s guidelines. Incubation of the 96 well kit, including the required quality
control standards was performed on an orbital shaker (Heidolph Titramax 1000) at 450 rpm, and read via a plate
reader with optical density set at 450 nm (Elx800 Universal Microplate reader, Bio-Tek Instruments Inc,
Vermont, USA). Accuracy of the sample data was ensured by plotting a graph for linearity between known
sample concentrations and optical density. A linear trendline and equation was used to translate the raw plate
reader result into Hsp72 units (ng.mL-1). The intra/inter-assay variability was 10.5/17.36%, respectively. The
assay sensitivity is described by the manufacturer as 0.09 ng.mL−1 and the detection range of the assays were
0.20-12.5 ng.mL-1 for Hsp72. Plasma Hsp72 concentrations were corrected for changes in venous plasma
volume (Dill and Costill 1974) with haemoglobin collected in duplicate using a microcuvette and analysed using
a B-Haemoglobin Photometer (Hemocue Limited, Ängelholm, Sweden) and haematocrit collected in triplicate
(~50 µL) with glass capillary tubes and analysed following centrifugation at 12-14000 rpm for 3 min
(Haemotospin 1300 Centrifuge, Hawksley & Sons Ltd, West Sussex, UK).

3.10.4 Determination of intracellular Heat Shock Protein mRNA
Heat shock protein mRNA was determined from circulating leukocytes during experimental chapters 6 and 7.
The process involved sequential Leukocyte Isolation and Leukocyte RNA extraction, one step reverse
transcription quantitative polymerase chain reaction (RT-QPCR), and analysis of real-time PCR data by the
comparative Cycle Threshold (CT) method as detailed below.

3.10.4.1 Leukocyte isolation and leukocyte RNA extraction
Whole blood was collected as described in section 3.5.1. Leukocytes were isolated by pipetting 1 mL of venous
blood to a previously vortexed mix of 1 mL red blood cell lysis solution (Miltenyi Biotec Ltd, UK) and 9 mL
dH20 (Fisher Scientific Ltd, UK) contained in a 15 mL falcon tube (Grenier Bio One Ltd, UK). The mixture was
then further vortexed for a period of 60 s and incubated at room temperature (20-25°C) for 15 minutes.
Following incubation, the sample was centrifuged for 5 min at 400G and the supernatant discarded and washed
whereby 2 mL of Phosphate Buffered Saline (PBS) (Fisher Scientific Ltd, UK) was added to the sample tube and
samples were centrifuged for 5 min at 400G with supernatant again discarded. This process was repeated for a
total of two washes. Following washes, 500 µL of PBS was added and the sample further vortexed to resuspend
the leukocyte pellet. The PBS-leukocyte suspension was then transferred to an RNAse free 1.5 mL Microvette
(Eppendorf, UK) and centrifuged for 5 min at 17,000G. Following centrifugation, the PBS was removed by
pipetting and 250 µL Trizol (Sigma Aldrich Ltd, UK) added before resuspension through vortex and storage at 86°C.
RNA was extracted from the leukocytes via a previously validated method (Chomczynski and Sacchi 1987).
Samples were thawed and stabilised at room temperature for 10 minutes before adding 40 µL of chloroform
(Sigma Aldrich Ltd, UK) and vortexing each sample for 30 s. Samples were then left on ice for 15 min and
centrifuged at 17,000 G for 15 min. Following centrifugation, the aqueous layer containing the RNA was then
removed and placed in a separate 1.5 mL centrifuge tube (RNase-free Microfuge Tube, Invitrogen) to which an
Page | 121

equal amount (~100 µL) of isopropanol (Sigma Aldrich Ltd, UK) was added with samples then vortexed for 15
s, and placed on ice for 15 min. Further centrifugation of samples at 17,000 G for 15 min preceded removal of
the remaining supernatant and rinsing of the pellet with 100 µL ice cold 75% ethanol (Sigma Aldrich Ltd, UK).
Samples were then centrifuged at 5,400 G for 8 min and the supernatant discarded. This ethanol wash process
was repeated three times to increase RNA quality. Finally ethanol was discarded and samples were centrifuged at
17,000 G for 30 s to drive remaining fluid to bottom of tube and any remaining ethanol was removed from the
bottom of tube by pipette. The pellet was allowed to air dry for 15 min to remove remaining ethanol before
resuspending the RNA in 50 µL RNA storage solution (The RNA storage Solution, Ambion), vortexing for 90 s
and placement in -86°C freezer. Quantity was determined at an optical density of 260 nm while quality was
determined via the 260/ 280 and 260/ 230 ratios using a nanodrop spectrophotometer (Nanodrop 2000c Thermo
Scientific).

3.10.4.2 One step reverse transcription quantitative polymerase chain reaction (RT-QPCR)
primers (Table 3.7) were designed using primer design software (Primer Quest and Oligoanalyzer - Integrated
DNA technologies). During primer design sequence homology, searches were performed against the Genbank
database to ensure the primers matched the gene of interest. Primers were designed to span exon-intron
boundaries and avoided three or more GC bases within the last 5 bases at the 3’ end of primer to avoid nonspecific binding. Further searches were performed to ensure primers did not contain secondary structures and
inter or intra molecular interactions (hairpins, self-dimer and cross dimers) which can inhibit product
amplification. Primer sets were validated via conventional PCR and agarose gel electrophoresis to ensure the
correct product size was amplified. Hsp relative mRNA expression (Hsp) was then quantified using RT-QPCR.
20 µL reactions containing 10 µL SYBR-Green RT-PCR Mastermix (Quantifast SYBRgreen Kit, Qiagen), 0.15
µL forward primer, 0.15 µL reverse primer, 0.2 µL reverse transcription mix (Quantifast RT Mix, Qiagen) and
9.5 µL sample (70 ng RNA/µL) were prepared using the Qiagility automated pipetting system (Qiagen, Crawley,
UK). Each PCR reaction was amplified in a thermal cycler (Rotorgene Q, Qiagen) for 40 cycles using a
denaturation step lasting 10s at 95°C and a primer annealing and extension stage lasting 30s at 60°C.
Fluoresecence was measured following each cycle as a result of the incorporation of SYBR green dye into the
amplified PCR product. Melt curves (50 to 95°C; Ramp protocol 5 s stages) were analysed for each reaction to
ensure only the single gene of interest was amplified.
Table 3.7 Gene Primer sequences

Gene

β2-Microglobulin (β2-M)

Heat Shock Protein 72 (Hsp72)

Heat Shock Protein 90α (Hsp90α)

NCBI Accession #

Primer

Sequence (5’ → 3’)

Amplicon length

NM_004048

Forward

CCGTGTGAACCATGTGACT

91

Reverse

TGCGGCATCTTCAAACCT

Forward

CGCAACGTGCTCATCTTTGA

Reverse

TCGCTTGTTCTGGCTGATGT

NM_001017963 (variant 1)

Forward

AAACTGCGCTCCTGTCTTCT

NM_005348 (variant 2)

Reverse

TGCGTGATGTGTCGTCATCT

NM_005345

198

180
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3.10.4.3 Analysis of real-time PCR data by the comparative cycle threshold (CT) method
Determination of Hsp72 mRNA changes was performed using the comparative CT method. This involved
comparison between the CT values of the samples of interest with a control or calibrator such as a non-treated
sample or RNA from normal tissue, referred to as the “housekeeping” gene. In these experiments Hsp72 and
Hsp90α were the gene of interest, with β2-M the housekeeping gene. The CT values of both the calibrator and
the samples of interest are normalized to an appropriate endogenous housekeeping gene.
Equation 3.13 The comparative Ct method (also known as the 2–∆∆Ct method) for determining changes in gene
expression
∆Ct = ∆Ct,sample - ∆Ct,reference
Here, ∆ CT,sample is the Ct value for any sample normalized to the endogenous housekeeping gene and ∆Ct, reference is
the Ct value for the calibrator also normalized to the endogenous housekeeping gene.

For the ∆∆Ct calculation to be valid, the amplification efficiencies of the target and the endogenous reference
must be approximately equal. This can be established by looking at how ∆Ct varies with template dilution. If the
plot of cDNA dilution versus delta Ct is close to zero, it implies that the efficiencies of the target and
housekeeping genes are very similar.
Table 3.8 Inter session reliability data for Hsp72 mRNA

n = 15

Hsp72 mRNA
Fold Change
Data 1

Data 2

Mean

1.04

1.10

Standard Deviation

0.34

0.26

Absolute TEM

0.34

Relative TEM (%)

7.9

Correlation

r = 627
p < 0.012

Table 3.9 Inter session reliability data for Hsp90α mRNA

n = 15

Hsp90α mRNA
Fold Change
Data1

Data2

Mean

1.79

1.91

Standard Deviation

0.43

0.38

Absolute TEM

0.35

Relative TEM (%)

4.7

Correlation

r = 0.662
p = 0.010
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3.10.5 Haemoglobin
Whole venous blood was collected into a haemoglobin micro cuvette (EFK Diagnostics Hemo Control Analyser,
Magdeburg, Germany) from the extracting syringe and placed into a portable haemoglobin photometer (EFK
Diagnostics Hemo Control Analyser, Magdeburg, Germany). The device was calibrated prior to each sample
using a calibration slide ((EFK Diagnostics Hemo Control Analyser, Magdeburg, Germany) of known value.
The device quantified haemoglobin (Hb) to 1 g.L-1.

Table 3.10 Inter session reliability data for Haemoglobin
Hb

n = 38

g.dL-1
Data 1

Data 2

Mean

15.4

15.6

Standard Deviation

1.5

1.5

Absolute TEM

0.59

Relative TEM (%)

0.9

Correlation

r = 0.894
p < 0.001

3.10.6 Haematocrit
Blood for measurement of haematocrit (Hct) were taken in triplicate from the venous blood sampling syringe
and collected into 75µl heparinised capillary tubes (Hawksley and Sons Ltd, Lancing, England). The tubes were
placed into a centrifuge (Haematospin 1300, and Sons Ltd, Lancing, England) and spun at 14,000 rpm for 3
minutes. Following centrifugation all samples were placed into a haematocrit capillary tube slide measure
(Hawksley and Sons Ltd, Lancing, England) to measure the ratio between red blood cells and separated blood
plasma. A mean of the three samples was taken for each data point. Owing to the fragility of the tubes should
one sample be found to have been broken/destroyed during the centrifugation the measured value was
determined from the remaining samples.

Table 3.11 Inter session reliability data for Haematocrit
Hct

n = 38

%
Data 1

Data 2

Mean

45

46

Standard Deviation

5

5

Absolute TEM

1.56

Relative TEM (%)

0.9

Correlation

r = 0.908
p < 0.001

Page | 124

3.11 SUBJECTIVE/ PERCEPTUAL SCALES
3.11.1 Rating of perceived exertion
Rating of perceived exertion (RPE) quantifies perceived exertion during exercise using a Borg scale (Borg et al.
1985) (6 = very very light – 20 = maximal, see below). During heat acclimation sessions RPE was collected at 5
minute intervals to reflect the changes in power at this frequency. During Heat Tolerance Tests where workload
was fixed, RPE was collected every 10 minutes to minimise changes resulting from increased associative
attentional focus (Corbett et al. 2009). Prior to the first experimental session additional accompanying
standardised instructions that provided specific commands on how to report overall feelings of exertion
throughout the tests were provided in conjunction with the RPE scale (Faulkner and Eston 2007); the
standardised instructions included “anchors” for RPE = 6 and RPE 20. The RPE was based on a clear
understanding of “anchoring” the top and bottom ratings to previously experienced sensations of no exertion at
all (RPE = 6) and extremely hard or maximal exertion (RPE = 20) (Mauger et al. 2013).

Scale 3.1 Rating of Perceived Exertion (RPE)

RATING OF PERCEIVED EXERTION
6
7

Very, very light

8
9

Very light

10
11 Light
12
13 Somewhat hard
14
15 Hard
16
17 Very hard
18
19 Very, very hard
20
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3.11.2 Thermal sensation scale
Thermal sensation (TSS) measures thermal sensation during rest and exercise (APPENDIX). Previously
described and validated (Toner et al. 1986), the scale was used to quantify perceived thermal sensation (0 = Very
Very Cold to 10 = Very Very Hot, see below ). TSS data was collected at the same time as RPE for reasons
stated previously with participants questioned ‘‘How hot or cold do you feel right now?’’ (Ganio et al. 2009).
The TSS rating was based on a clear understanding of “anchoring” the top and bottom ratings to previously
experienced sensations of feeling unbearably cold (TSS = 0.0) to unbearably hot (TSS = 8.0) (Toner et al. 1986).

Scale 3.2 Thermal Sensation Scale (TSS)

THERMAL SENSATION SCALE
0.0 Unbearable Cold
0.5
1.0 Very Cold
1.5
2.0 Cold
2.5
3.0 Cool
3.5
4.0 Neutral (Comfortable)
4.5
5.0 Warm
5.5
6.0 Hot
6.5
7.0 Very Hot
7.5
8.0 Unbearably Hot
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3.11.3 Lake Louise questionnaire score
A Lake Louise questionnaire (LLQ) was implemented according to established methods (Savourey et al. 1995)
during acute hypoxic exposures. The LLQ quantified symptoms of acute mountain sickness (AMS) which were
calculated from the sum of four questions (0-3), including headache, gastrointestinal upset, fatigue or weakness,
and dizziness or lightheadedness, the quality of sleep question was extracted due to irrelevance for acute daytime
exposures. The full scoring system follows below.
Scale 3.3 Acute Mountain Sickness

LAKE LOUISE ACUTE MOUNTAIN SICKNESS SELF-ASSESSMENT
QUESTIONNAIRE
Headache:
No headache = 0
Mild headache = 1
Moderate headache = 2
Severe headache = 3
Gastrointestinal symptoms:
None = 0
Poor appetite or nausea = 1
Moderate nausea or vomiting = 2
Severe nausea or vomiting = 3
Fatigue and weakness:
Not tired or weak = 0
Mild fatigue/weakness = 1
Moderate fatigue/weakness = 2
Severe fatigue/weakness = 3
Dizziness and lightheadedness:
Not dizzy = 0
Mild dizziness = 1
Moderate dizziness = 2
Severe dizziness, incapacitating = 3
Difficulty sleeping: (removed from analysis)
Slept as well as usual = 0
Did not sleep as well as usual = 1
Woke many times, poor sleep = 2
Could not sleep at all = 3
Note. A total score of 3 to 5 indicates mild AMS. A score of 6 or more signfies severe AMS.
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3.12 CALCULATIONS
3.12.1 Metabolic heat production (MHP) and heat production (Hprod)
Absolute metabolic heat production was estimated from data acquired below the anaerobic threshold and/or
where RER ≤ 1.00 in accordance with established equations (Cramer and Jay 2014). Note: RER is the respiratory
exchange ratio, and Echo and Efat represent the energy equivalent of carbohydrate (21.13 kJ) and fat (19.69 kJ)
respectively, per litre of O2 consumed (L.min-1).
Equation 3.14 Absolute Metabolic Heat Production
MHP = VO2 * ((((RER – 0.7)/0.3) * Echo) + ((1.0 - RER)/0.3) * Efat))/60) x 1000 (Watts)

The rate of heat production/gain was determined as the difference between MHP (W) and external work rate (W)
as follows.
Equation 3.15 Heat Production (Hprod)
Hprod = MHP – external work
Note: External work calculated from cycle ergometry as previously described see Equation 3.5 Calculation of
work during cycle ergometry and Equation 3.6 Calculation of power from work during cycle ergometry

Both MHP and Hprod can be converted into relative data by dividing the above calculated values by body mass, or
body surface area (Du Bois and Du Bois 1916) to established accurate comparisons between individuals of
different descriptive characteristics (Jay et al. 2011; Gagnon et al. 2013; Cramer and Jay 2014; Smoljanic et al.
2014; Ravanelli et al. 2015).

3.12.2 Physiological Strain Index (PSI)
The physiological strain index (PSI) was calculated according to the following equation (Moran et al. 1998):
Equation 3.16 Physiological Strain Index
PSI = (5 * (T re1 - T r0 )/ ((39.5 - T re0 )) + (5 * (HR 1 - HR o ) * (180-HR 0 ))

Note: Where Tre1 and HR1 are simultaneous measurements taken at any time during the heat exposure; and Tre0
and HR0 are the seated resting values in the chamber prior to beginning the exercise protocol. The PSI yields
values between 1 and 10 when values for HR and Tr fall between 60-180 b.min-1 and 36.5-39.5oC, respectively.

3.12.3 Plasma volume (PV)
Change in plasma volume was calculated in accordance with the method described by Dill and Costil (1974)
from measured Hct and Hb between.
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Equation 3.17 Change in Plasma Volume
∆PV% = 100[HbA (1 - HctB x 10 -2 )] / [HbB (1 - HctA x 10 -2 )] – 100
Note: “A” represents the first blood sample and “B” the second.

3.12.4 Area under the Curve (AUC)
The Trec AUC was calculated when measured Trec exceeded 38.5°C and 39.0°C using a modification to the
trapezium rule (Hubbard et al. 1977). A Trec of 38.5°C and 39.0°C were selected as an approximate minimum for
intolerance during compensable heat stress (Sawka et al. 2001) and possible threshold for Hsp72
translation/transcription (Amorim et al. 2008). The AUC is a more accurate index of total heat stress than peak
core temperature (Hubbard et al. 1977).
Equation 3.18 Thermal area under the curve (AUC) for 38.5°C
AUC (°C.min -1 ) = ∑ time interval (min) x 0.5 [°C above 38.5°C at the start of interval + °C above
38.5°C at the end of interval]
Equation 3.19 Thermal area under the curve (AUC) for 39.0°C
AUC (°C.min -1 ) = ∑ time interval (min) x 0.5 [°C above 39.0°C at the start of interval + °C above
39.0°C at the end of interval]

3.12.5 Rate of core temperature change
The rate of core temperature change, typically an increase, was calculated as follows:
Equation 3.20 Rate of Core Temperature Increase
Rate ∆T rec (°C.min -1 ) = T rec 2 – T rec 1 /time 2 – time 1
Rate ∆T rec (°C.hr -1 ) = (T rec 2 – T rec 1 /time 2 – time 1 )*60
Note: Trec2 and time2 are simultaneous measurements taken at any time during the heat exposure; and Trec1 and
time1 are the seated resting values in the chamber prior to beginning the exercise protocol.

3.12.6 Sweat rate
Sweat rate (L.hr-1) was calculated based upon change in body mass during exercise heat sessions as follows:
Equation 3.21 Sweat rate calculation
Sweat rate = (nude body mass pre (kg) – nude body mass post (kg))/ duration (min)
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3.12.7 Total body temperature
Total body temperature (Tbody) was calculated using the following equation (Jay and Kenny 2007) following
collection of data for rectal temperature and skin temperature;
Equation 3.22 Total body temperature calculation
T body (°C) = 0.8(T rec ) + 0.2 (T sk ) + 0.4

3.12.8 Body heat content
Body heat content (BHC) was calculated using the following equation (Jay and Kenny 2007) following
collection of data for total body temperature and nude body mass;
Equation 3.23 Body heat content
BHC (kJ) = T body x NBM x 3.47 kJ.kg -1 .°C -1

3.13 STATISTICAL ANALYSIS
All data within this thesis was analysed using a standard statistical package (SPSS version 20, 21, or 22 for
Windows) following initial data entry into a spreadsheet application (Microsoft Office – Excel, version 2010 and
2013).

3.13.1 Power analysis
The number of participants required for each experimental chapter was determined using G*Power v3.1 in
accordance with established guidelines for a priori determination (Prajapati et al. 2010; Suresh and
Chandrashekara 2012). Effect sizes (Lakens 2013), relating to the primary dependent variables for each
experimental chapter were obtained based upon published data utilising similar experimental designs reporting
mean and standard deviation. The required number of participants was calculated based upon conventional α
(0.05) and β (0.20) levels.

3.13.2 Effect sizes
In this thesis, effect sizes reported are Cohen's d and partial eta squared (np2), the recommendations for these
calculations are based upon the review of Lakens (2013), given the context of each proceeding experimental
study.

3.13.2.1 Cohen's D (d)
Cohen's D (d) was used to describe the standardized mean difference of an effect for between-subjects designs as
it is directly related to a t-test (Lakens 2013). Interpretation of d was made in accordance with the following
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where the effect size was identified as small (d = 0.2), medium (d = 0.5), and large (d = 0.8) based on established
benchmarks (Cohen 1988).

Equation 3.24 Calculation of Cohen's D (d)
d = (x1 – x2) / SD
Note. Where x1 is the mean of the first data set under analysis, and x2 is the mean of the second data set under analysis.
SD is standard deviation.

3.13.2.2 Partial eta squared (np2)
Partial eta squared (np2) was preferred to eta squared (n2) to improve the comparability of effect sizes between
groups/studies (Lakens 2013), notably those using ANOVA. np2 expresses the sum of squares of the effect in
relation to the sum of squares of the effect and the sum of squares of the error associated with the effect (Lakens
2013). Interpretation of np2 was made in accordance with the following where the effect size was identified as
small (np2 = 0.01), medium (np2 = 0.06), and large (np2 = 0.13) based on established benchmarks (Cohen 1988).

Equation 3.25 Caluclation of partial eta squared (np2)
np2 = SSeffect / (SSeffect + SSerror)
Note. Where SSeffect is the sum of squares of the effect, and SSerror is the sum of squares of the error. Both of these are taken from the
ANOVA performed.

3.13.3 Descriptive statistics
3.13.3.1 Measurement of central tendency – Mean
Within this thesis, the mean is reported to describe the central tendency of each individual data set (Vincent
1999). The mean is calculated as the sum of the values divided by the number of values as is expressed as the
unit measured (Vincent 1999).

Equation 3.26 Calculation of the mean
Mean = (Σ xi ) / n
Note. Σ = the sum, xi = the data, n = the number of data points within the analysis

3.13.3.2 Variation of data
Statistical variance describes the spread of numbers within a data set with a variance of zero indicating all the
values are identical. Small variance indicated that the data is distributed closely to the mean, a high variance
indicated that the data are more greatly distributed away from the mean and from each other (Field 2013).
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3.13.3.2.1 Standard deviation
Standard deviation was used within this thesis to quantify the amount of variation or dispersion of each data set
(Bland and Altman 1996). Standard deviation was calculated based upon the square root of the varience. For this
thesis one standard deviation, expressed in the same units as the data, was reported thus assuming description of
68.2% of the normal distribution (Field 2013).
Equation 3.27 Calculation of standard deviation
Standard deviation (SD) = √ [Σ (xi - x) 2 / (n - 1) ]
Note. Σ = the sum, xi = the data, x = the mean of the data set under analysis, n = the number of data points within the analysis.

3.13.4 Normality and sphericity of data
Testing for normality was implemented in this thesis to determine the effective modelling of a normal
distribution by the data set, and to determine the probability for a random variable underlying the data set to be
normally distributed (Field 2013).
3.13.4.1 Skewness
Skewness was used to the measure of the asymmetry of the probability distribution of a real-valued random
variable about its mean (Vincent 1999). The skewness value could be positive or negative, with positive skew
indicating that the tail on the right side of the distribution curve was longer than the left side. A negative skew
indicates that the tail on the left side of the distribution curve was longer or fatter than the right side (Vincent
1999). Acceptable limits for skewness within this thesis have been set within the range -2 to +2.
Equation 3.28 Calculation of Skewness
Skewness = Σ Z3 / n
Note. Σ = the sum, Z = z-score of the data, n = the number of data points within the analysis.

3.13.4.2 Kurtosis
Kurtosis was used to measure the "peakedness" of the probability distribution curve of data (Vincent 1999).
Distributions with negative excess kurtosis are identified as possessing platykurtic distributions, which are
characterised by a flat, more spread distribution curve. A positive kurtosis identified data as having leptokurtic
distribution with a clustered positive distribution curve (Vincent 1999). Acceptable limits for kurtosis within this
thesis have been set within the range -2 (platykurtic) to +2 (leptokurtic).
Equation 3.29 Calculation of Kurtosis
Kurtosis = (Σ Z4 / n) – 3.0
Note. Σ = the sum, Z = z-score of the data, n = the number of data points within the analysis.

3.13.5 Kolmogorov – Smirnov test
In addition to Skewness and Kurtosis, Kolmogorov – Smirnov test was utilised to test for normality of the
distribution of data. Using the Kolmogorov – Smirnov test the samples within a data set were standardized and
compared with a standard normal distribution (Field 2013). Kolmogorov – Smirnov was preferenced ahead of
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Shapiro - Wilk (another test of normality) due to the less conservative analysis of this method . The less
conservative Kolmogorov – Smirnov test can be tolerated more effectively by the follow up ANOVA which is
robust to violations of its assumptions (Field 2013). This statistical approach allowed for a consistent method of
statistical analysis within and between experimental chapter data sets.

3.13.6 Mauchly’s test of sphericity
Mauchly’s Test of Sphericity was used to validate the use of a repeated measures ANOVA. A non-significant
result warranted analysis using assumed sphericity (Field 2013). In case of a significant test of sphericity ≤0.75
the Greenhouse-Geisser estimate was used for interpretation of the ANOVA, a significance value >0.75
warranted implementation of the Huynh-Feldt estimate (Field 2013).

3.13.7 Statistical tests of difference
3.13.7.1 Statistical significance level
Within this thesis a statistical significance level was set to describe where the probability (p) that an analysis of
data is at least as surprising as the observed sample results would be generated under a model of random chance
(Vincent 1999). The p-value is defined as the probability, under the assumption of hypothesis, of obtaining a
result equal to or more extreme than what was actually observed.
The threshold p-value for all experiments within this thesis was set at 5%, thus giving 95% confidence that when
p is calculated correctly, the test is guaranteed to control the Type I error rate3 to be no greater than α. For all
experimental chapters a two-tailed test of difference was performed due to the unknown direction of difference
between samples.

3.13.7.2 T-Test
Within this thesis T-testing was used to determine statistical significance indicating whether or not the difference
between the data set of two groups’ most likely reflected an actual difference (Vincent 1999). A statistically
significant t-test result (t) was one in which a difference between two groups was unlikely to have occurred
because the sample happened to be atypical. Statistical significance is determined by the size of the difference
between the group averages, the sample size (degrees of freedom), and the standard deviations of the groups
(Vincent 1999). The calculated t for each comparison was referenced to the corresponding degrees of freedom
with statistical significant level of p = 0.05 accepted. Within this thesis, T-testing for significant differences
between two different groups of individuals (independent samples), and a significant difference between two
different conditions (dependent samples) was performed. No analysis of one-sample t-tests were made (a
significant difference from a set criterion).

3

A type I error being the incorrect rejection of a true null hypothesis (a "false positive" e.g. stating that the reduction of core temperature is
an adaptation to heat acclimation when it has not changed), while a type II error being the failure to reject a false null hypothesis (a "false
negative" e.g. failing to observe that a reduction of core temperature has occurred thus failing to report this adaptation to heat acclimation).
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Equation 3.30 Calculation of independent samples T-test
t = (x1 – x2) / SED
Note. Σ = the sum, x1 = the mean of data set 1, x2 = the mean of data set 2, SED = standard error of the difference.

Equation 3.31 Calculation of dependent (paired) samples T-test
t = (x1a – x1b) / SED
Note. Σ = the sum, x1a = the mean of data set 1a, x1b = the mean of data set 1b, SED = standard error of the difference.

3.13.7.3 Analysis of variance (ANOVA)
Analysis of variance (ANOVA) describes a collection of statistical models used in order to analyze the
differences between group means and their associated procedures (such as "variation" among and between
groups) (Field 2013). Within this thesis, one-way ANOVA, two way ANOVA, and three way ANOVA have
been implemented to test within and/or between groups and within and/or between conditions or both (mixed
design). Within the statistical analysis section of each experimental chapter, the type of ANOVA(s) used for
each data set are described in detail.
One-way ANOVA was used to compare means of three or more samples (using the F distribution) (Vincent
1999). Two-way ANOVA was implemented as an extension of the one-way ANOVA to examine the influence
of two different categorical independent variables on one continuous dependent variable thus assessing the main
effect of each independent variable but also whether any interaction effect has occured between them (Vincent
1999). Three way ANOVA was implemented to further the dimensions of the two-way ANOVA to include a
further comparison of an additional independent variable data set (Field 2013).
Data entered for ANOVA was assumed to meet the previously described criteria for distribution, normality and
equality. The calculated f statistic (f) for each ANOVA comparison was referenced to the corresponding degrees
of freedom with statistical significant level of p = 0.05 accepted.

3.13.7.4 Post hoc testing
Bonferroni corrections were utilised as post hoc analysis due to their conservative estimation of difference
between multiple comparisons (Field 2013). The conservative application of the Bonferroni correction is derived
from experimental designs testing n dependent or independent hypotheses. Under these conditions maintenance
of the familywise error rate is facilitated by testing each individual hypothesis at a statistical significance level of
1/n times what it would be if only one hypothesis were tested (Field 2013). The Bonferroni corrections are also
the most robust univariate technique should sphericity be violated (Field 2013).
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4 EXTRACELLULAR HSP72 CONCENTRATION RELATES TO A MINIMUM
ENDOGENOUS CRITERIA DURING ACUTE EXERCISE-HEAT EXPOSURE
4.1 ABSTRACT
Extracellular heat-shock protein 72 (eHSP72) concentration increases during exercise-heat stress when
conditions elicit physiological strain. Differences in severity of environmental and exercise stimuli have elicited
varied response to str ess. The present study aimed to quantify the extent of increased eHSP72 with increased
exogenous heat stress, and determine related endogenous markers of strain in an exercise-heat model. Ten males
cycled for 90 min at 50% V O2peak in three conditions (TEMP, 20°C/63% RH, WBGT 15.8°C; HOT,
30.2°C/51%RH, WBGT 24.5°C; VHOT, 40.0°C/37%RH, WBGT 31.6°C). Plasma was analysed for eHSP72
pre, immediately post and 24-h post each trial utilising a commercially available ELISA. Increased eHSP72
concentration was observed post VHOT trial (+172.4%) (P<0.05), but not TEMP (-1.9%) or HOT (+25.7%)
conditions. eHSP72 returned to baseline values within 24hrs in all conditions. Changes were observed in rectal
temperature (Trec), rate of Trec increase, area under the curve for Trec of 38.5°C and 39.0°C, duration Trec ≥ 38.5°C
and ≥ 39.0°C, and change in muscle temperature, between VHOT, and TEMP and HOT, but not between TEMP
and HOT. Each condition also elicited significantly increasing physiological strain, described by sweat rate,
heart rate, physiological strain index, rating of perceived exertion and thermal sensation. Stepwise multiple
regression reported rate of Trec increase and change in Trec to be predictors of increased eHSP72 concentration.
Data suggests eHSP72 concentration increases once systemic temperature and sympathetic activity exceeds a
minimum endogenous criteria elicited during VHOT conditions and is likely to be modulated by large, rapid
changes in core temperature.

4.2 INTRODUCTION
The human 72kDa heat shock protein (Hsp72), HSPA1A (Kampinga et al. 2009) is the highly inducible isoform
of a large family of proteins with an important role as a molecular chaperone maintaining cellular homeostasis,
particularly in response to thermal stimuli (Mizzen and Welch 1988). Research has identified extracellular
changes in Hsp72 concentration within whole blood (Marshall et al. 2006; Yamada et al. 2007; Ogura et al.
2008; Magalhães et al. 2010; Périard et al. 2012), and intracellular changes in total protein expression and/or
gene transcription in monocytes and systemic tissue (McClung et al. 2008; Selkirk et al. 2009; Magalhães et al.
2010; Amorim et al. 2011) in response to thermal and exercise stress. Hsp72 binds with high affinity to the
plasma membrane (Asea et al., 2000) and up-regulates expression of pro-inflammatory cytokines, tumour
necrosis factor-α, interleukin-1β and interleukin-6 in human monocytes. Circulating extracellular heat shock
protein 72 (eHSP72) acts as an inflammatory molecule and induces cytokine production in immune cells (Asea,
2006). The precise biological role of eHSP72 in response to exercise-heat stress has not been fully elucidated; it
is believed to contribute to the exercise-related inflammatory reaction (Asea, 2003). Acknowledgements have
been made by Ogura et al., (2008) that body temperature elevation, and increased circulating catecholamines by
supplementation (Whitham et al. 2006) or exercise response (Whitham et al. 2007), in addition to thermal change
increase eHSP72. Acute exercise-heat stress presents both thermal and sympathetic challenge and as such,
changes in concentration might be used to describe the magnitude of stress presented to an individual or system
exercising in different environments.
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eHSP72 has been detected in peripheral circulation of healthy individuals (Pockley et al. 1998) and is known to
increase in response to single bouts of exercise (Walsh et al. 2001; Febbraio et al. 2002; Fehrenbach et al. 2005).
Thermal, oxidative, metabolic and chemical stresses are well reported stimuli for increased concentrations of
intracellular (iHSP72), and eHSP72 (Welch 1992; Morimoto, 1994). Exercise in hot and humid environments
increases physiological strain on the body in comparison with temperate conditions (Galloway and Maughan
1997). Combined with exercise (exercise-heat stress), environmental manipulation to induce hyperthermia
(Fehrenbach et al. 2001; Oishi et al. 2002; Moran et al. 2006; Whitham et al. 2007; Sandström et al. 2008; Iguchi
et al. 2012) have been reported as stimuli for further increasing eHSP72 compared to exercise alone. Indeed a
strong relationship exists between plasma eHSP72 and core temperature (Ruell et al. 2006; Sandström et al.
2009).
Repeated daily exposure to exercise and/or environmental stress results in sequential (i.e. day-on-day) increases
in eHSP72 concentration (Sandström et al. 2008). In vivo, such a paradigm is utilised in the attainment of a heat
acclimated (HA) phenotype (Magalhães et al. 2010; Lorenzo et al. 2010; Lorenzo et al. 2011; Hom et al. 2012),
with increases in iHSP72 expression accompanied by “classic” physiological adaptations (e.g. cardiovascular
stability; reduced core temperature at rest and during exercise; more rapid sudomotor onset and efficiency; etc.)
(Garrett et al. 2011). The response of eHSP72 to environmental factors has not been uniform, with significant
increases (Whitham et al. 2007; Yamada et al. 2007; McClung et al. 2008; Magalhães et al. 2010; Périard et al.
2012), or no change (Marshall et al. 2006; Watkins et al. 2007; Hom et al. 2012) from rested basal values
reported.
Exercise-heat stress research has largely implemented experimental designs where exogenous (external) factors
of exercise intensity and exercise-heat stress conditions are controlled to elicit and measure changes in
endogenous (internal) response. It is likely that endogenous factors are more relevant signals for stress response
than exogenous variables; eHSP72 accumulation being one indicator of stress (Ruell et al. 2006). Establishment
of appropriate endogenous markers and apparent minimum endogenous criteria for eHSP72 release could
facilitate economical prescription of repeated exercise-heat sessions with intent of inducing the heat acclimation
phenotype, a similar notion has been proposed by Gagnon et al,. (2013), with regards to investigating heat
balance. More efficient procurement of heat acclimation typically achieved through exercise-heat stress
exposures (≥30°C) of ≥60 min and repeated for 5 – 14 sessions (Garrett et al. 2011) would allow researchers and
practitioners to prepare individuals most effectively for subsequent work in conditions presenting thermal
challenge. At present the magnitude of expression has not yet been reported directly comparing changes in
human eHSP72 following identical exercise in graded exogenous environments with description of changes
eHSP72 compared with established endogenous physiological and thermal markers (peak and mean heart rate,
core, and muscle temperature). The introduction of novel markers (rate of increase and change in core
temperature, area under the curve (AUC) for core temperatures of 38.5°C and 39.0°C, duration spent exercising
with core temperature ≥ 38.5°C and ≥ 39.0°C) may identify additional criteria for the prescription of exerciseheat stress based upon analysis of the acute response to stress.

4.2.1

Aim

The aim of this study was to determine whether increased concentration of eHSP72 were correlated to
endogenous markers of heat strain, and to identify the most appropriate endogenous markers for eliciting
effective exercise-heat administration in humans.
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4.2.2

Hypotheses

It was hypothesised that a minimum endogenous criteria exists for the appearance of eHSP72 into extracellular
spaces during acute exercise-heat stress, and that only exercising in very hot conditions would provide sufficient
internal systemic strain for such appearance.

4.3 METHODS
4.3.1

Participants

Ten healthy males (mean ± SD age 21.0 ± 0.5 years, height 172.1 ± 13.9 cm, nude body mass 71.1 ± 8.0 kg,
body fat 14.7 ± 4.1%, peak oxygen uptake (VO2peak) 3.81 ± 0.60 L.min-1) volunteered to partake in the study and
complied with all criteria for participation (3.2.1 Medical criteria and recruitment and 3.2.2 Additional
considerations 3.9 Hydration Measurement).

4.3.2

Preliminary testing

Prior to undertaking the experimental trials of the study, volunteers attended the laboratories whereby their
anthropometric data was collected (3.3 Anthropometry). VO2peak was determined (3.5.2 Maximal/peak oxygen
uptake) as a means for estimating pre testing aerobic capacity and exercise intensity for the subsequent testing
protocols (3.5.3 Calculation of exercise intensity and power as a percentage of maximal/peak oxygen uptake).
Saddle position was adjusted by the volunteer to their preferred cycling position for the V O2peak test and it
remained unchanged for all trials. During all trials volunteers wore shorts, socks, and shoes.

4.3.3

Experimental protocol

Volunteers presented to the laboratories 60 min prior to testing. Time of day for testing was held constant (10:00
± 01:00 h) to control for the effects of daily variation in performance (Drust et al. 2005), thermal fluctuations and
HSP expression (Sandström et al. 2009; Taylor et al. 2010b). Following determination of NBM (3.3.2 Body
mass) and hydration status (3.9 Hydration Measurement) the volunteer then inserted a disposable rectal
thermistor for measurement of core temperature (Trec; 3.7.1 Rectal temperature). Intramuscular temperature (Tmu)
was also recorded (3.7.2 Muscle temperature). Volunteers mounted the cycle ergometer located inside a purpose
built environmental chamber and performed 90 min of fixed intensity exercise at 50% VO2peak (3.6.1 Fixed heat
acclimation. See Table 4.1 Mean ± SD Participant anthropometric, performance and exercise intensity data) in
either temperate (TEMP; 20.3°C ± 0.4°C, 51.9 ± 14.0% RH; WBGT 15.8°C), hot (HOT; 30.2°C ± 0.1°C, 52.7 ±
3.0% RH; WBGT 24.5°C) and very hot (VHOT; 40.2°C ± 0.4°C, 39.0 ± 7.8% RH; WBGT 31.6°C) conditions.
The sequence was decided by latin square design.
During each testing session HR (3.8.3 Heart rate), RPE (3.11.1 Rating of perceived exertion), TSS (3.11.2
Thermal sensation scale) and Trec were recorded every 5 min. Tmu was measured immediately before and after
the cessation of each trial. Later, sweat rate was calculated, derived from a change in NBM. Heat strain was
calculated using PSI (3.12.2 Physiological Strain Index (PSI)). In compliance with ethical approval, exercise was
terminated if a subject attained a Trec of 39.7°C.
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Table 4.1 Mean ± SD Participant anthropometric, performance and exercise intensity data
Measure
Age
(years)
Height
(cm)
Nude Body Mass
(kg)
Body Mass Index
(kg.m2)
Body fat
(%)
VO2peak

(L.min-1)
VO2peak

(mL.kg-1.min-1)
50% VO2peak
(L.min-1)
Power @ 50% VO2peak
(W)
Heat Production (Hprod)
@ 50%VO2peak (W.kg-1)

4.3.4

Mean ± SD
21.0 ± 0.5
172 ± 14
71.1 ±0.8
24.17 ± 2.25
14.7 ± 4.1
3.813 ± 0.60
48.77 ± 10.55
1.90 ± 0.30
120 ± 26
8.6 ± 1.9

Blood sampling and analysis

Venous blood samples were taken immediately pre- and post- and 24 hr post-test TEMP, HOT and VHOT
exercise (3.10.1 Venepuncture blood sampling). With plasma separated (3.10.2 Blood plasma separation)
immediately before later determination of eHSP72 (3.10.3 Determination of extracellular HSP72). eHSP72
concentrations were corrected for changes in venous plasma volume (3.12.3 Plasma volume (PV)) following
determination of haemoglobin (3.10.5 Haemoglobin) and haematocrit (3.10.6 Haematocrit).

4.3.4.1

Precision of eHSP72 data

Accuracy of the sample data was ensured by plotting a graph for linearity between known sample concentrations
and optical density. A linear trendline and equation was used to translate raw plate reader result into Hsp72 units
(ng.mL-1). The intra/inter-assay variability was 10.5/17.36%, respectively. The assay sensitivity is described by
the manufacturer as 0.09 ng.mL−1 and the detection range of the assays were 0.20-12.5 ng.mL-1 for Hsp72.

4.3.5

Study design and statistical analysis

All outcome variables were assessed for normality of distribution and sphericity prior to analysis and deemed
plausible in all instances unless otherwise stated. All statistical calculations were performed using PASW
software version 18.0 (SPSS, Chicago, IL, US). Data was reported as mean ± SD, with two tailed significance
was accepted at p < 0.05. A repeated measures study design was implemented for this experimental chapter. This
required all participants to complete preliminary testing, and then three exercise-heat stress test exposures
whereby they performed the same exercise prescription in three different environmental conditions.
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One way (between group) ANOVA (Group (3; TEMP, HOT, VHOT)*Variable (1)) was used to determine
differences in physiological and perceptual measures (Table 4.2) and thermal measures (Table 4.3). Two way
ANOVA (Group (3)*Time (19; 0, 5 – 90 min)) was used to determine differences in rectal temperature, heart
rate and calculated physiological strain index (Figure 4.1) during each exercise-heat stress session.
Two way mixed design (within-within) ANOVA (Group (3)*Time (3; Pre, Post, 24hr Post)) was used to
determine difference between eHSP72 concentration during each exposure (Table 4.4), the percentage difference
in eHSP72 from baseline in each condition was also analysed using the same method (Table 4.5), however with
one fewer repeated measures for time (Group (3)*Time (2; Post & 24hr Post)), due to the calculation of change
from baseline. Adjusted Bonferroni comparisons were used as post hoc analyses, determining where differences
existed within each ANOVA.
Data describing physiological and perceptual measures (Table 4.2) and thermal measures (Table 4.3) were
individually analysed via Pearson’s product moment correlation with the post VHOT eHSP72 concentration, and
the change in eHSP72 concentration. Multiple (stepwise) regression was then implemented to determine the
predictor variables which were permitted entry to the model of increased eHSP72.

4.4 RESULTS
4.4.1

Physiological and perceptual measures

Mean duration for VHOT trial lasted only 86.5 ± 7.5 min in comparison to TEMP and HOT owing to two
participants terminating early as Trec reached 39.7°C. No difference (f = 2.194, p = 0.140; np2 = 0.196) was
reported for the duration exercising in each exogenous temperature condition see Table 4.2.
Peak (f = 28.650, p < 0.001; np2 = 0.761) and mean (f = 19.951, p < 0.001; np2 = 0.689) HR were significantly
higher in HOT than TEMP conditions (141 ± 16 and 132 ± 13 b.min-1; p < 0.001), whilst VHOT was
significantly higher than TEMP (p = 0.001 and p = 0.001) and HOT (p = 0.018 and p = 0.045) see Figure 4.1.
Calculated sweat rate was significantly different between conditions (f = 4.204, p = 0.032; np2 = 0.318). VHOT
(15.8 ± 4.3 g.min-1) was significantly greater (p = 0.042) than TEMP and HOT conditions, no difference existed
between TEMP and HOT (p = 0.153), see Table 4.2.
Perceptual measures RPE and TSS demonstrated significant difference between conditions (RPE f = 103.360, p
< 0.001; np2 = 0.806) (TSS f = 71.602, p < 0.001; np2 = 0.888) (Table 4.2), with peak scores significantly
increasing from TEMP to HOT (p = 0.021 and p < 0.001); VHOT was significantly higher (p = 0.008 and p <
0.001) from TEMP and HOT trials. Mean RPE was significantly different between conditions (f = 22.946, p <
0.001; np2 = 0.718), but only significantly greater between VHOT and TEMP and HOT conditions (p = 0.003).
Mean TSS was significantly different between all conditions (f = 76.518, p < 0.001; np2 = 0.895), TEMP was
significantly lower than HOT (p = 0.000) and VHOT was significantly greater from TEMP (p < 0.001) and HOT
(p = 0.001).
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Table 4.2 Mean ± SD physiological and perceptual measures during exercise-heat stress
Measure

TEMP

HOT

VHOT

Duration of exercise – heat exposure (min)

90.0 ± 0.0

90.0 ± 0.0

86.5 ± 7.5

Change in Nude Body Mass (kg)

-1.02 ± 0.42

-1.26 ± 0.37

-1.36 ± 0.40

Sweat rate (g.min-1)

11.3 ± 4.7

14.0 ± 4.2

15.8 ± 4.3†

Peak heart rate (b.min-1)

141 ± 16

155 ± 15**

168 ± 14†

Mean heart rate (b.min-1)

132 ± 13

142 ± 14**

153 ± 14**

Peak PSI

4.9 ± 1.3

6.5 ± 1.7**

8.6 ± 1.2††

Mean PSI

3.9 ± 1.4

4.8 ± 1.3

6.1 ± 1.1††

Peak RPE

14.2 ± 1.3

16.3 ± 2.0*

18.5 ± 2.0††

Mean RPE

12.7 ± 1.1

13.9 ± 1.5

15.2 ± 1.2††

Peak TSS

5.2 ± 0.9

6.8 ± 0.6**

7.8 ± 0.4††

Mean TSS

4.7 ± 0.7

6.0 ± 0.5**

6.8 ± 0.4††

Note. PSI Physiological Strain Index; RPE Rating of Perceived Exertion; TSS Thermal Sensation Scale * denotes
significantly different to TEMP group (p <0.05), ** denotes significantly different to TEMP group (p <0.01), † denotes
significantly different to TEMP and HOT group (p <0.05), †† denotes significantly different to TEMP and HOT group (p
<0.01)

4.4.2

Temperature measures

Table 4 reports the values for peak Trec, statistically different between all conditions (f = 59.838, p < 0.001; np2 =
0.869). TEMP was significantly lower than HOT (p = 0.002); VHOT was significantly higher than TEMP (p <
0.001) and HOT (p < 0.001). Mean Trec for the time between 30 and 90 min was significantly different (f =
35.906, p < 0.001; np2 = 0.806) with HOT significantly higher than TEMP (p = 0.028) and VHOT significantly
higher than TEMP (p < 0.001) and HOT (p < 0.001).
The change in Trec was significantly different between conditions (f = 33.621, p < 0.001; np2 = 0.789), but post
hoc analysis only observed significantly greater differences between VHOT, and TEMP and HOT (p < 0.001).
This was also true of the rate of Trec increase (f = 37.475, p < 0.001; np2 = 0.806), where VHOT elicited a
significantly greater rate compared to TEMP and HOT (p < 0.001).
Area Under Curve for Trec of 38.5°C (f = 4.045, p = 0.035; np2 = 0.310) and 39.0°C (f = 7.163, p = 0.005; np2 =
0.443) (°C.min-1) were significantly different between conditions overall, VHOT was significantly greater
compared with TEMP and HOT (p = 0.003 and p = 0.013 respectively), but no difference was observed between
TEMP and HOT.
Duration spent with rectal temperatures of ≥38.5°C (f = 18.475, p < 0.001; np2 = 0.672) and ≥39.0°C (f = 9.631,
p = 0.001; np2 = 0.517) (min) displayed significant main effect difference but was not different between TEMP
and HOT, however VHOT was significantly longer than TEMP and HOT (p = 0.014 and p = 0.06).
A main effect for end Tmu was observed as significant (f = 36.381, p < 0.001; np2 = 0.802). Significant difference
was also found between TEMP and HOT (p = 0.001); VHOT was significantly higher from TEMP (p < 0.001)
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and HOT (p = 0.003). The change in Tmu was only significantly greater between VHOT, and TEMP and HOT (p
= 0.003) despite overall difference (f = 26.836, p < 0.001; np2 = 0.749). Thermal data for each trial is presented
in Table 4.3.
Overall difference was observed for peak (f = 76.949, p = 0.000; np2 = 0.895) and mean PSI (f = 21.278, p <
0.001; np2 = 0.703) with significantly higher values observed between VHOT, and both TEMP and HOT
conditions (p < 0.001 and p = 0.005, respectively), see Table 4.3. Peak PSI was also significantly lower in
TEMP compared to HOT (p = 0.003), no significant difference was observed for mean PSI (p >0.05). Figure 4.1
details the change in HR, Trec and PSI for each condition over time.
Table 4.3 Mean ± SD thermal measures during exercise-heat stress

Measure

TEMP

HOT

VHOT

Peak Rectal Temperature
(°C)

37.90 ± 0.29

38.35 ± 0.52**

39.16 ± 0.45††

Change in Rectal Temperature
(°C)

+0.98 ± 0.32

+1.40 ± 0.64

+2.22 ± 0.65††

Rate of Rectal Temperature Increase
(°C.hr-1)

0.65 ± 0.22

0.94 ± 0.42

1.56 ± 0.53††

AUC for Rectal Temperature of 38.5°C
(°C.min-1)

0.05 ± 0.16

5.84 ± 18.34

14.06 ± 9.53**

AUC for Rectal Temperature of 39.0°C
(°C.min-1)

0.00 ± 0.00

1.28 ± 4.05

5.11± 4.28*

Duration Rectal Temperature ≥ 38.5°C
(min)

2.00 ± 6.32

6.00 ± 17.29

31.50 ± 14.73*

Duration Rectal Temperature ≥ 39.0°C
(min)

0.00 ± 0.00

4.00 ± 12.65

20.00 ± 14.53**

End Muscle Temperature
(°C)

37.0 ± 0.6

38.0 ± 0.7**

39.7 ± 0.8††

Change in Muscle Temperature
(°C)

+2.4 ± 1.0

+3.0 ± 0.5

+4.8 ± 1.3††

Note. AUC Area under the curve. * denotes significantly different to TEMP group (p <0.05), ** denotes significantly
different to TEMP group (p <0.01), † denotes significantly different to TEMP and HOT group (p <0.05), †† denotes
significantly different to TEMP and HOT group (p <0.01)
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Figure 4.1 Rectal Temperature, heart rate and physiological strain index time course for the three exercise-heat
stress conditions. Note HOT error bars removed for clarity. # denotes significant difference between TEMP and
HOT p < 0.05. * denotes significant difference between TEMP and VHOT p < 0.05. † denotes significant
difference between HOT and VHOT p < 0.05.
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4.4.3

Extracellular HSP72 expression

eHSP72 expression (ng.mL-1) was observed as significantly different for the main effect (f = 5.928, p = 0.012;
np2 = 0.442) with the significant difference observed as an increase from pre to post VHOT (0.266 ± 0.094 to
0.724 ± 0.444). No difference was found in TEMP (p = 1.000) and HOT (p = 0.766) (0.349 ± 0.135 to 0.342 ±
0.165, and 0.299 ± 0.122 to 0.376 ± 0.226 respectively). No significant difference (p > 0.05) was observed
between pre and 24hrs post in any exercise-heat condition. eHSP72 data presented as a percentage change from
baseline, in line with previous work, for post (TEMP -1.9%; HOT +25.7%; VHOT +172.4%) and 24hrs post
(TEMP -8.6%; HOT 2.6%; VHOT 17.1%) are presented in Table 4.5 and Figure 4.3. eHSP72 data for post and
24hours post was manipulated to present as a percentage change from pre for clarity, such data is presented in
Table 4.4 and Figure 4.2.

Table 4.4 Mean ± SD measured eHSP72 (ng.mL-1) pre, immediately post, and 24hours post exercise-heat stress
Time point

TEMP

HOT

VHOT

Pre

0.349 ± 0.135

0.299 ± 0.122

0.266 ± 0.227

Post

0.342 ± 0.165

0.376 ± 0.226

0.724 ± 0.444*

24hrs Post

0.319 ± 0.223

0.307 ± 0.227

0.311 ± 0.115

* denotes significantly different to TEMP and HOT (p <0.05)

Figure 4.2 Mean ± SD measured eHSP72 (ng.mL-1) pre, immediately post, and 24 hours post exercise-heat
stress
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Table 4.5 Mean ± SD measured percentage change in eHSP72 pre, immediately post, and 24 hours post
exercise-heat stress
Time point

TEMP

HOT

VHOT

Post

-1.9 ± 21.9

+25.7 ± 86.0

+172.4 ± 374.1*

24hrs Post

-8.6 ± 68.4

+2.6 ± 86.2

+17.1 ± 23.1

* denotes significantly different to TEMP and HOT (p <0.05)

Figure 4.3 Mean ± SD percentage change in eHSP72 from pre, immediately post and 24 hours post exerciseheat stress (n=9).

4.4.4

Relationships between eHSP72 and thermal descriptive data

The calculated relationships between eHSP72 and thermal descriptive data is presented in Table 4.6. Significant
correlates - rate of change in Trec (r = 0.702), peak Trec (r = 0.655), mean Trec for the final 60 min (r = 0.651),
duration Trec ≥39.0°C (r = 0.635), change in Trec (r = 0.632), peak PSI (r = 0.603), duration Trec ≥38.5°C (r =
0.559), and peak HR (r = 0.327), were submitted to a stepwise multiple regression to predict post exercise-heat
exposure. The first predictor variable to enter the model was rate of change in Trec; the second and final predictor
variable to enter the model was change in Trec. The adjusted R2-value for this model was 0.473 and standard
error of the estimate 0.228.
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Table 4.6 Pearson’s product (R) correlations presented as: R-value (p-value), for the VHOT trial post exercise
expression, and percentage increase of eHSP72 with associated data
Measure
Peak Trec
(°C)
Change in Trec
(°C)
Rate of Trec Increase
(°C.hr-1)
AUC for Trec of 38.5°C
(°C.min-1)
AUC for Trec of 39.0°C
(°C.min-1)
Duration Trec ≥ 38.5°C
(min)
Duration Trec ≥ 39.0°C
(min)
End Tmu
(°C)
Change in Tmu
(°C)
Peak HR
(b.min-1)
Mean HR
(b.min-1)
Peak PSI
Mean PSI
VO2peak
(mL.kg.min-1)

Pre- Post VHOT
change eHSP72 (%)

Post VHOT
eHSP72 (ng.mL-1)

0.572 (p = 0.001)

0.655 (p < 0.001)

0.445 (p = 0.010)

0.632 (p < 0.001)

0.440 (p = 0.011)

0.702 (p < 0.001)

0.276 (p = 0.081)

0.383 (p = 0.024)

0.345 (p = 0.039)

0.501 (p = 0.004)

0.467 (p = 0.007)

0.559 (p = 0.001)

0.496 (p = 0.004)

0.635 (p < 0.001)

0.441 (p = 0.011)

0.468 (p = 0.007)

0.226 (p = 0.090)

0.412 (p = 0.016)

0.480 (p = 0.006)

0.327 (p = 0.048)

0.455 (p = 0.009)

0.322 (p = 0.050)

0.579 (p = 0.111)

0.603 (p < 0.001)

0.527 (p = 0.001)

0.559 (p = 0.001)

0.351 (p = 0.002)

0.447 (p = 0.227)

4.5 DISCUSSION
The aim of this study was to determine the endogenous effects of exercise matched for power output and
duration in three exogenous thermal environments on the plasma eHSP72 concentration responses. Significant
changes in concentration occurred only pre to post in the VHOT condition, supporting the hypothesis that
endogenous strain elicited only in VHOT conditions provided sufficient stimuli for eHSP72 response during
exercise-heat stress. This is in line with other authors with similar experimental designs to the present study
(McClung et al. 2008; Magalhães et al. 2010; Périard et al. 2012). Established endogenous physiological and
thermoregulatory parameters, particularly those less commonly reported in literature determining eHSP72
changes (rate of Trec increase, area under the curve (AUC) for Trec of 38.5°C and 39.0°C, duration Trec ≥ 38.5°C
and ≥ 39.0°C), taken during each condition were analysed to determine whether they could be used to describe
more effectively endogenous conditions leading to increased eHSP72 concentration.

4.5.1

Physiological and thermoregulatory responses to exercise-heat stress

The physiological and thermoregulatory responses to each exercise-heat stress condition were as expected for
matched exercise in increasing thermal environments (Galloway and Maughan 1997; Maughan et al. 2012). Data
observed three levels of strain between TEMP, HOT and VHOT conditions for peak HR, Trec, PSI, and end Tmu
suggesting that each exogenous condition was placing independent magnitudes of strain. Other thermoregulatory
data (change in Trec, rate of Trec increase, AUC for Trec of 38.5°C and 39.0°C, duration Trec ≥ 38.5°C and ≥
39.0°C, and change in Tmu) however were in agreement with the experimental rationale, describing two levels,
where VHOT was different from TEMP and HOT, but no difference was observed between TEMP and HOT.
The thermal and physiological data suggests that VHOT was of greater exercise-heat stress than TEMP and
HOT; an observation paralleled by the increased concentration of eHSP72 being only reported in VHOT pre to
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post exercise. Regrettably, no data was collected that measured skin temperature, this addition in future research
studies would allow for the calculation of whole body temperature (Burton 1935) and the inclusion of this
descriptor of endogenous strain.
The observation from regression analysis that the rate of increase, and the delta change in Trec are important
factors in changing eHSP72 expression is in line with the observations of Périard et al. (2012) for whom
exercising at 75%VO2peak, revealed a relationship emerged between eHSP72 and the rate of increase in Trec. The
authors (Périard et al. 2012) suggested that this was possibly due to a greater metabolic demand and energy
conversion increasing Trec (i.e., intensity dependent). In the present study it appears despite a lower intensity of
work the exogenous conditions were sufficient to elicit different endogenous responses and eHSP72
concentrations. As only two (rate of change in Trec, and change in Trec) of the dependent variables (
Table 4.6) were accepted into the regression model, it remains that changes in eHSP72 concentration is multifactorial and that whilst ensuring endogenous thermal strain is of sufficient onset and magnitude, these
determinants are only elements determining the change in concentration. These observations do however, give
greater insight into means for facilitating the most economical prescription of exercise-heat sessions.

4.5.2

eHSP72 responses to exercise-heat stress

The present study reported eHSP72 as only increasing immediately following the VHOT trial, with values
returning to baseline within 24 hrs (Figure 4.2 and Figure 4.3). Increased systemic eHSP72 has been shown to be
exercise intensity and duration dependent in temperate conditions (Fehrenbach et al. 2005), with the addition of
thermal stress (evidenced by increase Trec) further increasing the magnitude of response (Marshall et al. 2006).
Consequently, a heat storage independent threshold of 38.5°C (Trec) has been postulated (Amorim et al. 2008)
and demonstrated as central to the magnifying influence of thermal stress on eHSP72 concentrations (Amorim et
al. 2008), compared to moderate intensity matched external workrate. Data from present study supports this
“minimum endogenous criteria” notion (Table 4.3, Table 4.4 and Table 4.5) from VHOT which elicited a greater
internal temperature, rate of internal temperature rise and a greater duration at critical Trec than TEMP and HOT.
Our data is, supportive of the existence of minimum endogenous criteria for the induction of eHSP72 into the
circulation during exercise heat stress as suggested by Amorin et al., (2008). Supporting the absence of eHSP72
increases in TEMP and HOT, (Trec of 37.90 ± 0.29°C and 38.35 ± 0.52°C respectively) in the present study,
parallel exercise induced changes in Trec data (mean maximum Trec 38.48°C) resulting in no change in basal
eHSP72 have been reported by Hom et al, (2012), during treadmill walking.
Mechanistically, temperatures >38.5°C at the hepatosplanchnic viscera are perhaps the most important for
increased concentration, with eHSP72 release potentially dependant on the magnitude and duration above this
“threshold” (Rhind 2004; Selkirk et al, 2008, 2009). Recent evidence (Périard et al. 2012b) suggests that the
same eHSP72 expression is yielded by short (27.2 min) and longer duration (58.9 min) trials by increasing
exercise intensity (from 60% to 75% of VO2peak) with similarity in eHSP72 expression despite differences in
peak and mean Trec (39.0°C and 39.7°C respectively). The data from Periard et al (2012), at least superficially,
indicates that both magnitude and duration above >38.5°C is irrelevant within normal physiological boundaries
(i.e. non-life threatening physical and occupational pursuits) and that it is exceeding Trec of >38.5°C that is the
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most potent stimuli of increases in eHSP72 when combined with exercise stress or higher relative exercise
intensity.
The degree of hyperthermia during exercise-heat stress, be it induced by exogenous environment or prescribed
workload, has so far been proposed central to whether Hsp72 is expressed/released, or not. It has been
demonstrated that participants exposed to temperatures similar to that of VHOT (Yamada et al. 2007; McClung
et al. 2008; Magalhães et al. 2010) where mean calculated heat stress was 32.46°C (WBGT), elicited largest
increases in Hsp72. Marshall et al. (2006) used a greater calculated exogenous heat stress than VHOT (33.1°C
WBGT) combined with lower (38% and 42.5%VO2max) exercise intensity, eliciting core temperatures of 38.2°C.
No change in eHSP72 was observed, suggesting that the exercise intensity/workload was insufficient in their
experiment to elicit the desired thermal response, and is not presenting sufficient exercise-heat stress.
Attenuation of release may likely occur once Trec returns below “minimum endogenous criteria”, although the
precise duration taken for full cessation of Hsp72 release requires further elucidation – the presented data can
only suggest this occurring sometime between immediately and 24 hr post exercise (Figure 4.3). This pattern of
elevation and return to baseline in VHOT, as observed during the first tolerance test by Magalhães et al. (2010)
or, observed reduction following elevation (Marshall et al. 2006; Périard et al. 2012) from baseline, highlights
the transient eHSP72 response to stress followed by removal from the circulation. Caution must be exercised
when inferences to a critical endogenous criteria model is made across a broad demographic of exercise
capacities (i.e. untrained through to highly trained) as such differences are known to influence eHSP72 release
kinetics and magnitudes within thermally challenging environments (Selkirk et al 2008, 2009). Therefore, future
work should tightly control this potentially confounding variable.
Hepatosplanchnic, vascular and brain tissue, and peripheral blood mononuclear cells appear the principle sources
of Hsp72 release into the systemic circulation (Febbraio et al. 2002; Lancaster et al. 2004; Lancaster and
Febbraio 2005b; Johnson and Fleshner 2006). Concise reviews of the proposed active and passive mechanisms
of eHSP72 release are presented by Lancaster and Febbraio (2005), Fleshner and Johnson (2005) and Asea
(2007). Briefly, it is proposed (Multhoff and Hightower 1996) that exosomes secreted following the fusion of
multivesicular bodies with the plasma membrane, provide the secretory pathway for cells to actively release
Hsp72 (Lancaster and Febbraio 2005). It has also been proposed (Ogawa et al. 2011) that eHSP72 is triggered by
circulating ATP during exercise. Further to this, it has been reported (Johnson and Fleshner 2006) that hormone
receptor mediated pathways exist allowing elevation of eHSP72 during stress. Authors demonstrated that
norepinephrine may stimulate a receptor-mediated exocytotic pathway of eHSP72 release. An indirect
consequence of exercising at an elevated temperature is that of elevated cardiovascular demand and associated αadrenergic stimulation as a means for maintaining work rate and required demands to exercising muscle, whilst
attempting thermoregulation.
VHOT elicited the greatest heart rate response to the exercise presented, as such this indirect measure of
sympathetic activity occurring through physiological and thermal strain, supports an adrenergic receptor
mediated release mechanism. This mechanism is evidenced by the work of Whitham et al., (2006) whom
observed caffeine supplementation and increase plasma catecholamines as elevating eHSP72. Périard et al.
(2012) commented that the release of eHSP72 into extracellular locations is likely to originate from varied
tissues and cell types, each potentially affected by specific mechanisms of release and various inducing factors.
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The significance of a post-exercise increase in eHSP72 remains unclear, proposed immunological functions
(Campisi et al. 2003) as a signal for cytokine and inflammatory pathways in response to unaccustomed systemic
or whole body stress (Asea et al. 2000) appear most relevant whereby VHOT exercise-heat stress in that trial was
of a magnitude sufficient to induce an immunological response which the TEMP and HOT trials were not
(Figure 4.1 and Figure 4.2).
In a matched thermal environment, exercise intensity contributes to the rate of temperature increase and the
degree of hyperthermia. Whilst exercise intensity alone has been associated with increased iHSP72 (Liu et al.
1999; Milne and Noble 2002), and eHSP72 (Whitham et al. 2007; Périard et al. 2012), responses to hyperthermia
and the sympathetic adrenergic stimulation of exercise offers a further insight into eliciting the greatest response
based upon endogenous criteria. Whitham et al. (2006) demonstrated increased eHSP72 was associated with
higher plasma levels of catecholamines and heart rate, whilst it has also been observed that following passive
heating, neither epinephrine nor norepinephrine were solely responsible for eHSP72 release (Whitham et al.
2007).
Johnson and Fleshner (2006) identified α-adrenergic stimulation, notably through norepinephrine elevation
(Nielsen et al. 1997; Ortega et al. 2006; Whitham et al. 2006b; Giraldo et al. 2010; Iguchi et al. 2012;) as
responsible for Hsp72 release into the circulation, this alongside the work of (Whitham et al. 2007) suggest a
requirement for individuals to be presented with sustained physiological challenge during exercise – heat stress
(Johnson et al. 2005). Exercise intensity, or α-adrenergic stimulation via norepinephrine is likely required to be
above an intensity threshold to elicit significant eHSP72 response with the greater exercise intensity data from
Periard et al. (2012) leading to data contrasting that of Marshall et al. (2006). The extent to which the adrenergic
contribution is required is difficult to determine precisely, indeed it is a limitation of the present study that
catecholamine analysis was not performed. It appears with only the VHOT trial eliciting changes in eHSP72 that
a mean HR, an indirect measure of sympathetic activation (Rowell et al. 1987), of 153 ± 14 b.min-1 is required
from the intensity 50% of VO2peak. The intensity of this trial is likely be of greater physiological strain as a result
of the increased thermoregulatory requirements which are known to increase proportionally to the cooler
conditions of TEMP and HOT (Galloway and Maughan 1997; Maughan et al. 2012). Periard et al. (2012)
reported HR values greater than the present study reflecting the elevated work intensity. As with the analysis of
Periard et al. (2012), our regression analysis deemed HR responses insufficient predictor elements of change in
eHSP72 concentration. The significant difference in HR between VHOT and, TEMP and HOT alongside
elevated eHSP72 in only VHOT, despite matched power, is therefore explained by the elevated cardiovascular
consequence of increased thermal strain whilst maintaining power output, rather than the thermal strain being a
the primary mediator of eHSP72 response.
Present data fails to elucidate the precise minimum requirement for sympathetic contribution to Hsp72
transcription or translocation as identified by other research (Johnson and Fleshner 2006) through exercise or
supplementary pathways. Analysis of plasma norepinephrine would have contributed towards this known
mediator regulating the release of Hsp72 in the present study. It is well reported that elevated temperature,
derived from external environment, passively or through active means, leads to elevated cardiac strain expressed
in the form of increased HR (Galloway and Maughan 1997; Maughan et al. 2012) and as such these two
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variables cannot be disassociated when considering the whole body response to exercise heat stress. As
regression analysis has failed to accept HR as a predictor of eHSP72 in favour of thermal markers as such we
cannot ignore the identification of previous discussed endogenous thermal markers despite early research
demonstrating increases in eHSP72 independent of changes in core temperature as a consequence of increased
plasma catecholamines. Our data acknowledges the role of HR, and more specifically the elevated cardiac
contribution to exercise in the VHOT condition in comparison to HOT and TEMP conditions as a further
endogenous descriptor of eHSP72 release. It is therefore proposed that sympathetic activity, most rudimentarily
measured from exercising HR, is an important component of the minimum endogenous criteria for increasing
eHSP72 during exercise-heat stress, alongside the thermal criteria. Rather than increased temperature directly
modulating elevated eHSP72 expression, it appears to be indirectly modulating it through via increased HR, a
reflection of increased adrenergic/catecholamine contribution to exercise-heat stress (Rowell et al. 1987).
It has been shown by our data and others, that core temperature (Periard et al. 2012; Ruell et al. 2006), rate of
core temperature increase (Periard et al. 2012), and interestingly, aerobic capacity (Périard et al. 2012) are
endogenous factors relating to Hsp72 increases. Périard et al. (2012) observed significant differences in HR
despite no difference in eHSP72 increases between groups. In light of this, further work appears warranted to
determine the role parasympathetic/sympathetic drive has in determining eHSP72 release during exercise-heat
stress.
It is known that training status influences the basal and eHSP72 stress response to exercise-heat stress. In
addition, prior HA, or progress towards the phenotype via endurance training may increase the immune response
threshold for inducement of eHSP72 via exercise-heat stress. Njemini et al., (2004) also observed that
inflammatory status, and it’s variable nature is also linked to eHSP72. Selkirk et al., (2008, 2009) acknowledged
that the threshold for enhanced iHSP72 response, endotoxin leakage and inflammatory activation during
exertional heat stress, in similar exogenous conditions to the present study, occurs at a lower temperature in
untrained compared with trained subjects and support the endotoxin translocation hypothesis of exertional heat
stroke, linking endotoxin tolerance and heat tolerance.

4.5.3

Practical applications arising from the data

This individual and changing threshold along a continuum modulated by thermotolerance, inflammatory, and
training status, suggests that prescription of exercise-heat stress exposure, administered controlling only simple
parameters such as exogenous environment and work rate, may ultimately fail to stress sufficiently some
individuals. The present data can therefore be used as a guide towards acute exercise heat stress prescription. It is
also important to consider that parameters appropriate for acute interventions shift with repeated exposures, as
the heat acclimation phenotype and concurrent acquired cellular thermotolerance is enhanced (Sandström et al.
2008; Magalhães et al. 2010; Hom et al. 2012). Based upon these comments and the observation from the
regression analysis that the rate of increase in Trec (VHOT 1.56 ± 0.53 °C.hr-1) and the delta change in Trec
(VHOT 2.22 ± 0.65°C), it may be more appropriate to implement an isothermic (controlled hyperthermia) model
of exercise-heat exposure (Garrett et al. 2011; Garrett et al. 2012) where the rate of heat production can be
accelerated (Amorim et al. 2008) and proposed minimum endogenous temperatures targeted (Amorim et al.
2011). This model requires greater exercise intensity during the early stages of the exposure, thus ensuring a
more rapid increase in Trec and consequently greater rate of change in Trec, followed by a reduction in workload
once a desired temperature has been achieved. The benefit of the isothermic model of exercise-heat stress is that
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specific endogenous temperatures can be targeted, rather than being an uncontrolled response varying on an
individual basis, with the potential for more individualised prescription. This model of clamping at a set core
temperature is an effective means for mediating increases of circulating stress hormones, which subsequently
contribute to induction of circulating cytokine release (Rhind et al. 2004). The duration in which individuals are
in a state of hyperthermia may also be a contributing factor towards increasing eHSP72 concentrations and as
such be reflective of a greater overall “dose” of endogenous strain in comparison to a short exposure to extremes
of either variable. The more rapid increase in core temperature during the isothermic model could be
implemented to ensure a greater percentage of the total exposure time is at or above the desired endogenous
threshold for eHSP72 release. Whilst eHSP72 is a useful marker for describing stress it should be noted that no
direct role exists between secreted eHSP72 and attainment of HA.

4.5.4

Future research directions

Future work should consider the iHSP72 response to exercise-heat stress which might provide greater insight
into acquired cellular thermotolerance and the acquirement of HA. Within these experimental designs the
confounding variable of training status and its influence on the prescription of the stress should be controlled to
assess the most effective means for increasing iHSP72 gene expression and total protein in tandem with
measures of eHSP72. Such data should be used to assess the global HSP response in line with the proposed
eHSP72 centric minimum endogenous criteria.

4.6 CONCLUSION
In summary, it appears likely that a minimum endogenous criteria contributes to the multifactorial release of
eHSP72 into the circulation during acute exercise-heat stress, a pathway that may differ from pathological stress
resulting in systemic inflammation. Our data observed the endogenous requirement for release as being a core
temperature peak of 39.2°C and a mean of 38.6°C for a period of 56.5 min alongside mean heart rates of 153 ±
14b.min-1, following a rate of increase of 1.6°C.hr-1, a core temperature change of 2.2°C from baseline.
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5 ISOTHERMIC AND FIXED INTENSITY HEAT ACCLIMATION METHODS
INDUCE SIMILAR HEAT ADAPTATION FOLLOWING SHORT AND LONGTERM TIMESCALES.
5.1 ABSTRACT
Heat acclimation requires the interaction between hot environments and exercise to elicit thermoregulatory
adaptations. Optimal synergism between these parameters is unknown. Common practise involves utilising a
fixed workload model where exercise prescription is controlled and core temperature is uncontrolled, or an
isothermic model where core temperature is controlled and work rate is manipulated to control core temperature.
Following a baseline heat stress test; twenty four males performed a between groups experimental design
performing short term heat acclimation (STHA; five 90 min sessions) and long term heat acclimation (LTHA;
STHA plus further five 90 min sessions) utilising either fixed intensity (50% VO2peak), continuous isothermic
(target rectal temperature 38.5°C for STHA and LTHA), or progressive isothermic heat acclimation (target rectal
temperature 38.5°C for STHA, and 39.0°C for LTHA). Identical heat stress tests followed STHA and LTHA to
determine the magnitude of adaptation.
All methods induced equal adaptation from baseline however isothermic methods induced adaptation and
reduced exercise durations (STHA = -66% and LTHA = -72%) and mean session intensity (STHA = -13
%VO2peak and LTHA= -9 %VO2peak) in comparison to fixed (p < 0.05). STHA decreased exercising heart rate (-10
b.min-1), core (-0.2°C) and skin temperature (-0.51°C), with sweat losses increasing (+0.36 L.hr-1) (p < 0.05). No
difference between heat acclimation methods, and no further benefit of LTHA was observed (p > 0.05). Only
thermal sensation improved from baseline to STHA (-0.2), and then between STHA and LTHA (-0.5) (p < 0.05).
Both the continuous and progressive isothermic methods elicited exercise duration, mean session intensity, and
mean Trec analogous to more efficient administration for maximising adaptation.
Short term isothermic methods are therefore optimal for individuals aiming to achieve heat adaptation most
economically, i.e. when integrating heat acclimation into a pre-competition taper. Fixed methods may be optimal
for military and occupational applications due to a lower initial exercise intensity and simplified administration.

5.2 INTRODUCTION
Repeated exposure to stressful hot environments initiates the heat-adapted phenotype. The heat-adapted
phenotype is acquired most effectively when hot and humid environmental conditions and physical work
(intensity, duration and frequency) interact to stress thermoregulatory and cardiovascular systems (Sawka et al.
2011); this process is known as heat acclimation (Garrett et al. 2011). Primary adaptations induced by heat
acclimation include decreased core temperature (Armstrong and Maresh 1991; Buono et al. 1998; Garrett et al.
2011) and reduced heat storage (Aoyagi et al. 1997) facilitated by increased sudomotor function (MachadoMoreira et al. 2006; Chinevere et al. 2008; Lorenzo and Minson 2010; Martinez et al. 2012), increased skin
blood flow (Lorenzo and Minson 2010), and cardiovascular adjustments eliciting greater maintenance of stroke
volume and reduced heart rate at a given workload (Frank et al. 2001). These adaptations contribute to a
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decreased thermal and perceptual strain (Castle et al. 2011), ultimately facilitating increased exercise
performance in hot and cool environments (Lorenzo et al. 2010). Heat acclimation is often categorised into short
term (STHA) and long term (LTHA) induction periods. LTHA, the traditional time scale, generally comprises
≥10 daily heat exposures (Garrett et al. 2011), potentiating the most complete phenotypic adaptation. STHA
utilises ≤5 daily exposures, facilitating rapid, but, incomplete adaptation (~75% compared to LTHA, (Pandolf
1979)). Notwithstanding, STHA still remains an effective tool used by practitioners for augmenting adaptation
before exposure to hot environments, improving tolerance to exercise or work (Garrett et al. 2009; Garrett et al.
2012).
Increased core temperature is a fundamental requirement for inducing heat acclimation (Regan et al. 1996;
Taylor and Cotter 2006). Isothermic heat acclimation (also known as controlled hyperthermia) is imposed based
upon endogenous (internal) criteria (Patterson et al. 2004b; Machado-Moreira et al. 2006; Garrett et al. 2009;
Magalhães et al. 2010b; Magalhães et al. 2010a; Hom et al. 2012; Garrett et al. 2012; Castle et al. 2012; Garrett
et al. 2014; Patterson et al. 2014), and might provide sustained targeting and attainment of specific and
individualised internal temperatures through a combination of active and passive heat acclimation (Fox et al.
1963). The balance between work and rest to target and maintain specific core temperatures ensures a
consistency, or a progression of endogenous heat strain to induce adaptation, albeit requiring alterations in
administration throughout each session. Implementation of fixed intensity heat acclimation methods is in
comparison relatively simple, with participants maintaining a fixed workload throughout each active acclimation
session (Houmard et al. 1990; Nielsen et al. 1993; Nielsen et al. 1997; Cheung and McLellan 1998; Kresfelder et
al. 2006; Marshall et al. 2007; Yamada et al. 2007; Watkins et al. 2008; Sandström et al. 2008; Lorenzo et al.
2010; Lorenzo and Minson 2010; Amorim et al. 2011; Castle et al. 2011). Fixed methods derive exercise
workloads from a pre acclimation baseline, and the exogenous (external) environment are consistent day-on-day.
Though this method may provide sufficient heat strain during the initial sessions of heat acclimation regimens,
fixed methods may not achieve the desired, nor optimally potentiating stimuli – increased core temperature, as
the thermal strain relative to the start of acclimation diminishes with ensuing adaptation (Taylor and Cotter 2006;
Taylor 2014). During both STHA and LTHA, relative workload and the thermal strain of heat acclimation are
likely to reduce during fixed intensity as on-going adaptation is seen. Isothermic heat acclimation, where
endogenous thermal stimulus is consistently targeted throughout, may positively sustain the rate of adaptation, or
advance adaptation should a progressive increase in core temperature be implemented (Taylor and Cotter 2006;
Taylor 2014). Progressive isothermic methods have only previously been implemented using models where the
environmental conditions or workload for acclimation are increased (Daanen et al. 2011; Burk et al. 2012; Chen
et al. 2013), this presumably to offset the aforementioned ongoing adaptation. These progressive methods are not
certain to increase core temperature in the manner that a progressive increase in the isothermic target
temperature would. Varied administration of heat acclimation methods has likely produced different phenotypic
adaptive responses. The mode of exercise, relative exercise intensity and climatic conditions may modulate
different degrees of adaptation (Taylor and Cotter 2006). Should the anticipated core temperature changes be
observed between methods it is likely that fixed heat acclimation methods are analogous to a reduction in the
potentiating stimuli for adaptation and consequently the rate of adaptation would decrease from STHA to LTHA.
The isothermic continuous method should theoretically sustain potentiating stimuli and consequently sustain the
rate of adaptation from STHA to LTHA. Finally a progressive isothermic method could theoretically be used to
increase potentiating stimuli and may increase the rate of adaptation from STHA to LTHA.
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5.2.1

Aim

The aim of the present study was to determine whether any differences in heat adaptation occurred between an
established exogenous controlled, fixed intensity heat acclimation method, an endogenous controlled, isothermic
heat acclimation method, and a stepwise progressive endogenous isothermic heat acclimation method, after
STHA and LTHA periods. No direct comparison has been made of the observed adaptation and administration
differences between isothermic and fixed heat acclimation methods across STHA and LTHA timescales;
additionally evidence is limited in support of a stepwise progression in thermal strain to increase the rate of
adaptation from STHA to LTHA.

5.2.2

Hypothesis

It was hypothesised that the rate of phenotypic adaptation would be greater in isothermic heat acclimation
methods in comparison to fixed methods due to sustained strain. It was additionally hypothesised that a greater
rate of adaptation would be induced by utilising a progressive model. It was also hypothesised that
implementation of isothermic heat acclimation would require reduced exercise durations and lower average
sessional exercise intensities, in spite of initially higher exercise intensities, which would favour athletes in the
pre-competition taper.

5.3 METHODS
5.3.1

Participants

Twenty-four healthy males complied with all criteria for participation (3.2.1 Medical criteria and recruitment and
3.2.2 Additional considerations 3.9 Hydration Measurement) and were assigned into fixed intensity (FIXED), or
isothermic heat acclimation (ISO) groups, ISO was then subdivided into continuous isothermic heat acclimation
(ISOCONT), or progressive isothermic heat acclimation (ISOPROG) groups; participants were matched for peak
oxygen uptake (VO2peak) and anthropometric characteristics. Data are presented in Table 5.1 The experimental
design for the study is presented in Figure 5.1.

Figure 5.1 Experimental schematic describing the experimental design of experimental chapter 5 and 6
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Table 5.1 Mean ± SD Participant characteristics and descriptive data for the initial workload in fixed intensity
heat acclimation (FIXED), continuous isothermic heat acclimation (ISOCONT), and progressive isothermic heat
acclimation (ISOPROG) experimental groups.

FIXED (n = 8)

ISOCONT (n = 8)

ISOPROG (n = 8)

Age
(years)

19.9 ± 1.0

22.6 ± 5.5

26.1 ± 4.9*

Height
(cm)

179.3 ± 5.8

177.9 ± 5.8

179.5 ± 6.6

Body Mass
(kg)

79.2 ± 18.3

74.2 ± 6.9

75.1 ± 8.8

Body Mass Index
(kg.m2)

24.6 ± 5.7

23.4 ± 1.7

23.4 ± 3.2

Body Surface Area
(m2)

1.97 ± 0.21

1.92 ± 0.11

1.94 ± 0.11

Body fat
(%)

14.9 ± 7.7

14.8 ± 2.2

14.1 ± 3.5

VO2peak
(L.min-1)

3.61 ± 0.90

3.63 ± 0.69

3.80 ± 0.55

Initial Workload
(W.kg-1)

1.6 ± 0.5

2.2 ± 0.3*

2.4 ± 0.4*

Initial metabolic heat production
(W.kg-1)

9.5 ± 3.3

11.1 ± 1.4

11.9 ± 2.0

*denotes significantly difference from FIXED (p < 0.05)
5.3.2

Preliminary testing

Prior to undertaking the experimental trials of the study, volunteers attended the laboratories whereby their
anthropometric data was collected (3.3 Anthropometry). VO2peak was determined (3.5.2 Maximal/peak oxygen
uptake) as a means for estimating pre testing aerobic capacity and exercise intensity for the subsequent testing
protocols (3.5.3 Calculation of exercise intensity and power as a percentage of maximal/peak oxygen uptake).
Saddle position was adjusted by the volunteer to their preferred cycling position for the V O2peak test and it
remained unchanged for all trials. During all trials volunteers wore shorts, socks, and shoes.

5.3.3

Heat stress testing

A running Heat Stress Test (HST) was performed as a preliminary test (HST1), then 48 h after STHA (HST2),
and 48 h after LTHA (HST3) (3.6.3 Heat tolerance test) inside a purpose built environmental chamber with
temperature and humidity (40.0 ± 0.1°C and 28.4 ± 6.6% RH) controlled no additional convective cooling
provided e.g. motorised fan (3.4.2 Experimental temperature and humidity control). All HST were performed
between 08:00 and 10:00 h (Drust et al. 2005).
Following confirmation of adequate hydration, participants were instrumented for the measurement of (Trec 3.7.1
Rectal temperature) and Tskin (3.7.3 Skin temperature, ). Absolute sweat loss (L.h-1) was estimated using the
change in towel-dried NBM from the pre-to-post exercise periods and adjusted based upon the HST duration
(3.3.2 Body mass). Participants were not permitted to consume any fluid between pre and post-test measurement
of NBM. No correction was made for insensible water loss and loss of mass associated with the respiratory
exchange of O2 and CO2 (Dion et al. 2013); all were assumed to be similar between HSTs due to the equal length
of each trial at each time point (table 2).
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After a 20 min seated stabilisation period in temperate laboratory conditions, resting measures were taken after
which participants entered the environmental chamber to perform the HST. Trec, Tskin, and HR (3.8.3 Heart rate),
were recorded every 5 min, RPE (3.11.1 Rating of perceived exertion), and TSS (3.11.2 Thermal sensation scale)
were recorded every 10 min. HSTs was terminated if Trec ≥ 39.7°C (zero incidences), or the participant withdrew
due to volitional exhaustion, or inability to maintain the running speed despite strong verbal encouragement.

5.3.4

Heat acclimation methods

Each heat acclimation testing session was conducted at the same time of day (07:00 - 11:00 h) to control for
effects of daily variation in performance (Shido et al. 1999). Following provision of a urine sample and NBM,
each participant was instrumented for measurement of Trec and HR upon completion, resting measures were
taken after 5 min seated in temperate laboratory conditions. Participants subsequently mounted a cycle ergometer
located inside the environmental chamber where conditions were consistent for all groups (40.2 ± 0.4°C, 39.0 ±
7.8% RH). The FIXED participants performed ten sessions of 90 min of continuous cycling exercise at a
workload corresponding to 50% VO2peak (3.6.1Fixed heat acclimation). ISOCONT participants exercised initially at
a workload corresponding to 65% of V O2peak until a target Trec of 38.5°C was achieved for all ten heat
acclimation sessions (3.6.2 Isothermic heat acclimation). ISOPROG participants exercised initially at a workload
corresponding to 65% of VO2peak targeting a Trec of 38.5°C for the first five sessions, then progressing to a Trec of
39.0°C for the final five sessions (3.6.2 Isothermic heat acclimation). During each testing session HR, T rec, RPE
(3.11.1 Rating of perceived exertion), TSS (3.11.2 Thermal sensation scale) and power output, were recorded
every 5 min.

5.3.5

Study design and statistical analysis

All outcome variables were first checked for normality using Kolmogorov-Smirnov and sphericity using the
Greenhouse Geisser method prior to further analysis. All statistical calculations were performed using PASW
software version 20.0 (SPSS, Chicago, IL, US). Data are reported as mean ± SD, with two-tailed significance
was accepted at p < 0.05. A between groups study design was implemented for this experimental chapter.
Participants were allocated into matched groups to perform one of three heat acclimation methods, over both
short, then long term timescales, see schematic (Figure 5.1).
One way (between group) ANOVA (Group (3; FIXED, ISOCONT, ISOPROG)*Variable (1)) was used to determine
differences between participant characteristics for each experimental group at the onset of the study (Table 5.1).
Dependent variables describing the protocol administration, and the thermoregulatory and physiological
responses (Table 5.2) were analysed using two way mixed design (between-within groups) ANOVA (Group
(3)*Time (2; STHA, LTHA)). The sessional response to heat acclimation for resting Trec, resting HR, and SL
(Figure 5.2) were analysed using two way mixed design (between-within groups) ANOVA (Group (3)*Time
(10; session 1, session 2, session3…)).
Adaptive responses (Figure 5.3, Table 5.3) and perceptual responses (Figure 5.4, Table 5.3) during the heat
stress tests were analysed using two way mixed design (between-within groups) ANOVA (Group (3)*Time (3;
HST1, HST2, HST3). Adjusted Bonferroni comparisons were used as post hoc analyses, determining where
differences existed within the ANOVA.
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5.4 RESULTS
5.4.1

Method administration and thermoregulatory and physiological responses to short and
long term heat acclimation

Differences were observed with increased exercise duration (f = 1675.01, p < 0.001; np2 = 0.988), time to target
Trec (f = 21.532, p < 0.001; np2 = 0.506), mean session intensity (f = 25.039, p < 0.001; np2 = 0.544), mean
session power (f = 18.028, p < 0.001; np2 = 0.462), total work done (f = 410.59, p < 0.001; np2 = 0.951), mean
Trec (f = 12.934, p = 0.002; np2 = 0.381), mean Trecfinal60 (f = 6.883, p = 0.016; np2 = 0.247), duration Trec≥38.5°C
(f = 140.51, p < 0.001; np2 = 0.870), duration Trec≥39.0°C (f = 38.876, p< 0.001; np2 = 0.649) in all methods from
STHA to LTHA. Post hoc analysis is presented in Table 5.3 for clarity. No difference was observed for mean
exercise intensity (f = 1.935, p =0.179; np2 = 0.084), mean exercise power (f = 1.061, p = 0.315; np2 = 0.048),
change in Trec (f = 0.866, p = 0.363; np2 = 0.040), rate of Trec increase (f = 2.158, p = 0.157; np2 = 0.093), or mean
HR (f = 3.026, p = 0.097; np2 = 0.126) between STHA and LTHA.
A between heat acclimation methods effect was observed for exercise duration (f = 13.090, p < 0.001; np2 =
0.555), and the time to target Trec (f = 6.500, p = 0.006; np2 = 0.382), mean session intensity (f = 6.727, p =
0.006; np2 = 0.390), mean Trec (f = 7.063, p = 0.005; np2 = 0.402), mean Trecfinal60 (f = 11.073, p = 0.001; np2 =
0.513), duration Trec≥38.5°C (f = 14.608, p < 0.001; np2 = 0.582), duration Trec≥39.0°C (f = 28.262, p< 0.001; np2
= 0.729), mean session power (f = 4.822, p = 0.019; np2 = 0.315), mean exercise power (f = 3.765, p = 0.040; np2
= 0.315), change in Trec (f = 5.277, p = 0.014; np2 = 0.334) and mean HR (f = 11.073, p = 0.001; np2 = 0.674).
Post hoc analysis is presented in Table 5.2 for clarity. No between method effect was observed for total work
done (f = 0.011, p = 0.989; np2 = 0.001), mean exercise intensity (f = 3.186, p =0.062; np2 = 0.233), or for the
rate of Trec increase (f = 0.884, p = 0.428; np2 = 0.078).

5.4.2

Daily responses to heat acclimation

Resting Trec (f = 3.048, p = 0.002; np2 = 0.127), resting HR (f = 3.085, p = 0.002; np2 = 0.128), and sessional
sweat loss (%NBM) (f = 3.798, p < 0.000; np2 = 0.153) all demonstrated improvements overall as the number of
heat acclimation sessions increased. Post hoc analysis revealed resting Trec was reduced (p < 0.05) from session
one before session eight, nine and ten, resting HR was reduced (p < 0.05) from session one before session nine
and ten and sweat loss was increased (p < 0.05) from session one following session eight, nine and ten. No
between group effect was observed for resting Trec (f = 1.146, p = 0.311; np2 = 0.098), resting HR (f = 1.553, p =
0.076; np2 = 0.129) and sessional sweat loss (f = 1.007, p = 0.453; np2 = 0.088). Data are presented in Figure 5.2.

5.4.3

Heat stress testing - Resting adaptations

Resting HR (f = 7.730, p = 0.001; np2 = 0.269) and resting Trec (f = 7.372, p = 0.004; np2 = 0.260) reduced with
heat acclimation; post hoc analysis revealed a reduction (p < 0.05) in both measures from HST1 to HST2 and
HST1 to HST3, but no difference between HST2 and HST3 (p > 0.05), data are presented in Table 5.3. No
between heat acclimation method interaction was observed for either resting HR (f = 0.819, p = 0.521; np2 =
0.072) or resting Trec (f = 0.750, p = 0.537; np2 = 0.067).
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Table 5.2 Mean ± SD Protocol, thermoregulatory and physiological response data for STHA, then LTHA of
fixed intensity heat acclimation (FIXED), continuous isothermic heat acclimation (ISOCONT), and progressive
isothermic heat acclimation (ISOPROG) experimental groups
STHA

Exercising Duration
(min)
Time to target Trec
(min)
Mean Session Intensity
(%VO2peak)
Mean Exercise Intensity
(%VO2peak)
Mean Session Power
(W.kg-1)
Mean Exercise Power
(W.kg-1)
Total Work Done
(kJ)
Mean Trec
(°C)
Mean Trecfinal60min
(°C)
∆ Trec
(°C)
Rate Trec increase
(°C.hr-1)
Duration Trec ≥38.5°C
(min)
Duration Trec ≥39.0°C
(min)
Mean HR
(b.min-1)

LTHA

FIXED

ISOCONT

ISOPROG

FIXED

ISOCONT

ISOPROG

450 ± 0

337 ± 47 #

263 ± 47 †

900 ± 0 *

707 ± 102 * #

598 ± 87 * †

89 ± 2

49 ± 12 #

43 ± 10 #

89 ± 2

54 ± 14 * #

52 ± 10 * #

50.0 ± 0.0

40.6 ± 6.2 #

33.5 ± 7.2 #

50.0 ± 0.0

43.9 ± 6.0 *

38.1 ± 7.1 * #

50.0 ± 0.0

55.2 ± 6.4

57.7 ± 5.3

50.0 ± 0.0

56.7 ± 5.8

57.5 ± 4.4

1.6 ± 0.4

1.4 ± 0.1

1.3 ± 0.3

1.6 ± 0.4

1.5 ± 0.2 *

1.4 ± 0.3 *

1.6 ± 0.4

1.9 ± 0.3

2.2 ± 0.5 #

1.6 ± 0.4

2.0 ± 0.2

2.2 ± 0.5 #

3352 ± 815

2789 ± 358

2590 ± 560

6701 ± 1603 *

6113 ± 834 *

5880 ± 1484 *

38.03 ± 0.16

38.18 ± 0.12

38.26 ± 0.18 #

37.92 ± 0.15 *

38.16 ± 0.12 #

38.26 ± 0.20 #

38.28 ± 0.18

38.44 ± 0.13

38.60 ± 0.18 #

38.16 ± 0.18 *

38.43 ± 0.14 #

38.63 ± 0.21 #

1.72 ± 0.58

1.74 ± 0.19

2.15 ± 0.38

1.63 ± 0.60

1.78 ± 0.22

2.27 ± 0.29 #

1.43 ± 0.43

1.98 ± 0.31

2.42 ± 0.54

1.34 ± 0.46

1.99 ± 0.36

2.36 ± 0.50

118 ± 53

161 ± 62

244 ± 62 †

176 ± 86 *

318 ± 118 *#

462 ± 120 * †

17 ± 21

5 ± 14 +

38 ± 32

21 ± 24

13 ± 24

146 ± 70 * †

155 ± 13

150 ± 9

142 ± 11

150 ± 13

150 ± 9

143 ± 11

* denotes significantly different (p < 0.05) from STHA (within group), # denotes significantly different (p <0.05) from FIXED (within
timescale), † denotes significantly different (p < 0.05) from FIXED and ISOCONT (within timescale), + denotes significantly different (p <
0.05) from ISOPROG within timescale.
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5.4.4

Heat stress testing - Exercising adaptations

Mean exercising HR (f = 23.887, p < 0.001; np2 = 0.532), mean Trec (f = 11.067, p < 0.001; np2 = 0.345), sweat
loss (f = 10.516, p < 0.001; np2 = 0.334), and peak Tsk (f = 13.185, p < 0.001; np2 = 0.386) reduced with heat
acclimation; post hoc analysis revealed a reduction (p < 0.05) in mean exercising HR, mean Trec, mean Tsk, and
peak Tsk, and increase in sweat loss from HST1 to HST2 and HST1 to HST3, but no difference between HST2
and HST3 (p > 0.05), (Table 5.3). No between heat acclimation method interaction was observed for mean
exercising HR (f = 0.431, p = 0.786; np2 = 0.039), mean Trec (f = 0.213, p = 0.930; np2 = 0.020), SL (f = 2.183, p
= 0.870; np2 = 0.172) or peak Tsk (f = 2.008, p = 0.111; np2 = 0.161). No changes were observed between HSTs,
or between heat acclimation methods for exercise duration (f = 2.333, p = 0.125; np2 = 0.100) and (f = 0.333, p =
0.854; np2 = 0.031), change in exercising HR (f = 0.529, p = 0.593; np2 = 0.025) and (f = 2.318, p = 0.073; np2 =
0.181), the change Trec (f = 0.126, p = 0.295; np2 = 0.056) and (f = 0.975, p = 0.432; np2 = 0.085), or the rate of
Trec increase (f = 1.257, p = 0.295; np2 = 0.056) and (f = 0.975, p = 0.432; np2 = 0.085) respectively.
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Figure 5.2 Mean ± SD Sessional resting Trec, resting HR and SL adaptations to FIXED, ISOCONT, and ISOPROG
heat acclimation methods. * denotes difference from session one (p < 0.05).
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Figure 5.3 Mean ± SD Physiological Heat Stress Test data at baseline (HST1), post STHA sessions (HST2) and
post LTHA (HST3) of FIXED, ISOCONT and ISOPROG. * denotes HST significantly different (p <0.05) from
HST1 overall.

5.4.5

Heat stress testing - Perceptual changes

Peak thermal sensation (f = 8.316, p = 0.001; np2 = 0.284) and mean thermal sensation (f = 5.573, p = 0.007; np2
= 0.210) reduced with heat acclimation, post hoc analysis revealed a reduction (p < 0.05) in peak thermal
sensation from HST1 to HST2, HST1 to HST3, and HST2 to HST3 and mean thermal sensation from HST2 to
HST3 (Table 5.3, Figure 5.4). No between heat acclimation method interaction was observed for either peak
thermal sensation (f = 1.137, p = 0.352; np2 = 0.098) or mean thermal sensation (f = 1.150, p = 0.346; np2 =
0.099). No changes were observed between HSTs, or between heat acclimation methods for peak rating of
perceived exertion (f = 2.891, p = 0.067; np2 = 0.121) and (f = 2.194, p = 0.086; np2 = 0.173) respectively, or
mean rating of perceived exertion (f = 1.787, p = 0.180; np2 = 0.066) and (f = 0.705, p = 0.593; np2 = 0.233),
respectively.
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Figure 5.4 Mean ± SD Perceptual Heat Stress Test data at baseline (HST1), post STHA sessions (HST2) and
post LTHA (HST3) of FIXED, ISOCONT and ISOPROG. * denotes HST significantly different (p <0.05) from
HST1 overall. # denotes HST significantly different (p <0.05) from HST2 overall.
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Table 5.3 Mean ± SD Heat Stress Test data at baseline (HST1), post five heat acclimation sessions (HST2) and
post ten heat acclimation sessions (HST3) of the fixed intensity heat acclimation (FIXED), continuous
isothermic heat acclimation (ISOCONT), and progressive isothermic heat acclimation
HST1

HST2

FIXED

ISOCONT

ISOPROG

Duration

25.0 ±

29.4 ±

29.4 ±

(min)

8.0

1.8

1.8

74 ± 8

71 ± 9

107 ± 9

Rest HR
(b.min-1)
Change HR
(b.min-1)

HST3

FIXED

ISOCONT

ISOPROG

FIXED

ISOCONT

ISOPROG

25.0 ± 8.0

30.0 ± 0.0

30.0 ± 0.0

25.6 ± 8.2

30.0 ± 0.0

30.0 ± 0.0

63 ± 10

65 ± 11*

66 ± 8*

59 ± 9*

69 ± 9*

63 ± 4*

56 ± 12*

113 ± 13

118 ± 11

115 ± 16

105 ± 12

111 ± 9

111 ± 11

110 ± 10

115 ± 10

161 ± 10

159 ± 9

154 ± 17

152 ± 12*

147 ± 10*

145 ± 13*

153 ± 9*

148 ± 8*

144 ± 18*

37.23 ±

37.05 ±

36.94 ±

36.94 ±

36.95 ±

36.73 ±

36.90 ±

36.96 ±

36.75 ±

Mean
exercising HR
(b.min-1)
Rest Trec
(°C)

0.35

0.21

0.40

0.36*

0.21*

0.41*

0.40*

0.19*

0.25*

Change Trec

1.18 ±

1.61 ±

1.48 ±

1.25 ±

1.39 ±

1.44 ±

1.20 ±

1.28 ±

1.41 ±

(°C)

0.44

0.31

0.19

0.57

0.35

0.25

0.47

0.38

0.39

Rate Trec

2.35 ±

3.21 ±

2.97 ±

2.49 ±

2.77 ±

2.87 ±

2.39 ±

2.56 ±

2.82 ±

(°C.hr-1)

0.87

0.62

0.39

1.13

0.71

0.49

0.94

0.75

0.78

Mean Trec

37.77 ±

37.76 ±

37.56 ±

37.58 ±

37.57 ±

37.41 ±

37.45 ±

37.52 ±

37.35 ±

(°C)

0.30

0.17

0.39

0.34*

0.19*

0.41*

0.30*

0.27*

0.43*

Sweat Loss

1.45 ±

1.61 ±

1.28

1.88 ±

1.95 ±

1.96 ±

2.16 ±

2.17 ±

1.73 ±

(L.hr-1)

0.50

0.43

±0.42

0.75*

0.36*

0.80*

0.61*

0.61*

0.58*

Peak Tsk

37.72 ±

37.40 ±

37.52 ±

36.95 ±

36.74 ±

36.81 ±

37.16 ±

36.73 ±

36.73 ±

(°C)

0.98

0.78

0.48

1.11*

0.32*

0.84*

0.83*

0.62*

0.81*

Mean Tsk

35.70 ±

36.07 ±

36.05 ±

35.47 ±

35.65 ±

35.38 ±

35.74 ±

34.93 ±

35.13 ±

(°C)

1.07

0.67

0.52

1.12*

0.38*

0.86*

0.99*

0.71*

0.77*

Peak RPE

13 ± 3

16 ± 3

15 ± 2

14 ± 4

15 ± 3

14 ± 3

14 ± 3

14 ± 3

14 ± 4

Mean RPE

13 ± 3

14 ± 3

13 ± 1

13 ±3

14 ± 3

13 ± 2

13 ± 3

13 ± 3

13 ± 2

Peak TSS

7.1 ± 1.0

6.9 ± 0.8

6.7 ± 0.5

6.8 ± 0.8

6.7 ± 1.0

6.7 ± 0.4

Mean TSS

6.8 ± 1.0

6.3 ± 0.6

6.3 ± 0.4

6.5 ± 0.9

6.3 ± 0.8

6.3 ± 0.5

6.5 ±

6.3 ±

6.3 ±

1.0*#

1.0*#

0.5*#

6.0 ± 0.8#

6.1 ± 0.5#

6.2 ± 1.0#

* denotes HST significantly different (p <0.05) from HST1 overall. # denotes HST significantly different (p
<0.05) from HST2 overall.

5.5 DISCUSSION
The aim of this experiment was to determine whether there was a difference in measures of heat adaptation to
STHA and LTHA between a fixed intensity heat acclimation method, a controlled isothermic heat acclimation
method and a progressive isothermic heat acclimation method. It was observed that equal heat adaptation was
induced between all methods over STHA with no significant additional benefit from our LTHA timescale.
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Relative to Fixed intensity methods, Isothermic methods are the favourable form of administration with equal
adaptation induced following reduced exercise durations and mean session intensity.

5.5.1

Differences in heat acclimation methods.

No difference in the magnitude of adaptation existed between fixed intensity, continuous isothermic, and
progressive isothermic heat acclimation methods (Table 5.2), however during STHA and LTHA, the FIXED
mode of heat acclimation was inferior to isothermic heat acclimation methods (ISOCONT and ISOPROG) when
considering applied practical perspectives in accordance with established recommendations for interacting
physical training and heat acclimation to maintain performance (Aoyagi et al. 1997). Isothermic methods
achieved adaptation with reduced exercise durations (STHA and LTHA) and mean session intensity (STHA and
LTHA), which is desirable for athletic applications as an effective means for reducing the volume of
physiological strain of exercise in the heat. This application perhaps contrasts military and occupational
applications for which the FIXED method may be optimal due to lower intensity of work and simplified
administration facilitating implementation for large cohorts, or a research perspective when matching of training
stimulus is required. Exercising durations were lower in isothermic methods (66-79% of session duration)
compared to fixed intensity heat acclimation (>99% of session duration). It is noteworthy that the time taken to
achieve the target Trec in ISOCONT and ISOPROG increased from STHA to LTHA by 6.6% and 10.0% respectively,
thus demonstrating the effects of ongoing adaptation, and using the ISOPROG method the greater work required to
attain a higher Trec. Higher initial work intensity balanced by increased rest periods are congruous with typical
training regimes, therefore isothermic methods may be more appropriate when integrating heat acclimation into a
training taper (Mujika et al. 2004) prior to competition due to sport specificity (Houmard et al. 1990),
particularly when acknowledging that the duration of a typical fixed heat acclimation session is at the upper end
of that desirable for typical pre-competition training session, with the repeated sessions exceeding the typical
volume of a typical endurance training taper (Spilsbury et al. 2014).

5.5.2

Adaptations made during short and long term heat acclimation

Isothermic heat acclimation methods were more favourable than FIXED at targeting and sustaining specific Trec
(i.e. ≥38.5°C) thus delivering greater elevations in thermal strain, notably the important potentiating stimuli of
increased core temperature over both STHA and LTHA (Regan et al. 1996; Taylor and Cotter 2006). This
statement can be evidenced by ISOCONT and ISOPROG evoking greater mean Trec, mean Trecfinal60 and ISOPROG
eliciting favourable duration Trec≥38.5°C, duration Trec≥39.0°C, change in Trec and mean heart rate (HR) when
compared to FIXED (Table 5.2). Isothermic heat acclimation increased the duration spent above the minimum
proposed Trec of 38.5°C (Fox et al. 1963) in comparison to FIXED during STHA (Duration Trec ≥38.5°C;
ISOCONT = ~32 min.session, ISOPROG = ~49 min.session; FIXED ~24 min.session) and LTHA (Duration Trec
≥38.5°C; ISOCONT = ~32 min.session, ISOPROG = ~46 min.session FIXED ~18 min.session), with potential for
more complete phenotypic adaptation as a result of consistently longer durations at higher core temperatures
(Regan et al. 1996; Patterson et al. 2004b; Taylor and Cotter 2006). Contrary to our hypothesis however, the rate
or magnitude of adaptation was not different utilising our between methods, low statistical power was observed
for the interaction effect in our data (change HR np2 = 0.18, sweat loss np2 = 0.17, Tsk np2 = 0.16, all other
variables np2 ≤ 0.10), this may suggest the present study is under powered, or more likely that no difference will
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be observed when using sample sizes representative of other research in the field, and based upon apriori
calculations. The between method statistical analysis implemented may additionally have yielded different
observations than that of a repeated measures within method design, with the latter potentially influencing the
ability to determine differences in adaptation between STHA and LTHA. FIXED heat acclimation remains a
simple method for eliciting adaptation though consistent workloads, however core temperature increases could
only be sustained throughout acclimation should a higher exercise intensity, longer exercise duration or elevated
exogenous environmental temperature be progressively implemented to counteract the reduced endogenous
strain (Nielsen et al. 1993; Galloway and Maughan 1997; Périard et al. 2012b). This observation is further
evidenced by decreased mean Trec and mean Trecfinal60 as adaptation occurred from STHA to LTHA sessions in
FIXED.
Within the isothermic methods, failure for ISOPROG to confer greater adaptation than ISOCONT, suggests a
minimum thermoregulatory strain sufficient to elicit physiological adaptations are surpassed by both isothermic,
and also fixed methods. Comparison of method administration data (Table 5.2) suggests individual variability
still occurs within methods, particularly isothermic methods as during STHA, when both ISOCONT and ISOPROG
are performing the same intended protocol, differences are observed in the exercising duration and duration T rec
= 38.5°C. This is likely to be due to subtle differences evoked by prescribing workloads based upon a %VO2peak.
Irrespective of the variation between ISOCONT and ISOPROG, both elicit greater potentiating stimuli for adaptation
than FIXED. Isothermic methods attain the optimal internal temperature for adaptation (38.5°C) for greater
durations throughout STHA and LTHA, in line with seminal work in the field (Fox et al. 1963). Isothermic data
are similar to that observed during short duration, high exercise intensity heat acclimation (75% VO2peak for 30 –
35 min.day-1), which was found to elicit identical adaptation to a longer duration, low exercise intensity heat
acclimation method (50% VO2peak for 60 min.day-1) similar to FIXED (Houmard et al. 1990). Short duration,
moderate intensity exercise-heat stress followed by passive rest (isothermic methods) more closely representing
competition or training, is equally as effective as longer, lower intensity exposures at inducing adaptations. The
benefit of isothermic methods being higher initial workloads reduce exercising durations in comparison to lower
intensity continuous fixed methods. The differences in core temperature, and subsequent duration and intensity
of work performed between continuous and progressive isothermic methods occur as a result of recent
observations that absolute V O2 is most closely related to metabolic heat production (Smoljanic et al. 2014)
(Table 5.1), and that to ensure equal comparison between groups, workload could be more closely controlled
using a workload prescription method other than %VO2peak (Cramer and Jay 2014), the authors propose that
prescribing heat acclimation utilising workloads known to elicit desired rates of metabolic heat production may
reduce variations in heat gain particularly in an unacclimated individual with relatively lower sweat and
evaporative losses. Additionally intermittent exercise, which the latter stages of isothermic protocols can mimic,
is known to elicit greater thermal and cardiovascular strain than continuous exercise of the same average
intensity (Taylor and Cotter 2006).

5.5.3

Physiological mechanisms of heat acclimation

Resting Trec and HR reductions were observed towards the latter end of the sessional heat acclimation data
(Figure 5.2) and during HSTs following STHA and LTHA (Figure 5.3). The same magnitude and rate of
adaptation indicated that these primary physiological adaptations to heat acclimation regimes occurred using all
methods (Garrett et al. 2011; Sawka et al. 2011; Taylor 2014). Resting and mean exercising Trec reduced after
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STHA, but were not further enhanced after LTHA for all methods in accordance with previous work (Buono et
al. 1998; Kampmann et al. 2008). Though comparable with some previous data to determine temperature
responses to heat stress (Moran et al. 2006; Druyan et al. 2013), the mean/change Trec observed during the HSTs
were not as high as observed using alternative protocols to determine physiological responses to heat stress
(Magalhães et al. 2010a; Périard et al. 2012b). This may have affected the ability of the test to determine core
temperature differences augmented by the different heat acclimation methods, or between STHA and LTHA.
Additionally, a cycling rather than running heat stress test may have yielded different T rec responses specific to
the exercise modality of the heat acclimation methods. This may also be true of a test implementing workloads
specific to one particular exercise domain or prescribing an intensity more closely reflecting athletic competition
or occupational activity. Modified temperature thresholds and plasticity of the hypothalamic neurons within the
thermoregulatory centre (Boulant 2006) and afferent peripheral-central drive (Horowitz 2014) are proposed
mechanisms for this phenomenon, although the molecular role of prostaglandin E2 (PGE2), cyclooxygenase
(COX)-2 and orexin cannot be excluded (Shin et al. 2013). Change in Trec did not attenuate from HST1 following
STHA or LTHA, therefore adaptations did not offset rate of heat gain (Schlader et al. 2011a). Reduced HR
following STHA, combined with lower Trec, indicated lower overall physiological strain during HST2, but a
further five days of any heat acclimation method did not elicit further adaptations at HST3 (Kampmann et al.
2008).
Sweat losses increased (Figure 5.3), likely contributing, alongside reduced skin blood flow (Kenefick et al. 2007)
to the reduced mean and peak Tsk following STHA, but was not enhanced by a LTHA period of 10 days. Though
commonly reported as an adaptation following LTHA (Chinevere et al. 2008; Buono et al. 2009), improved
sweat loss after STHA is not unique to our data (Machado-Moreira et al. 2006). Our data show enhanced
sudomotor function from STHA in all methods of heat acclimation; as such different work duration or intensity
does not induce different sweat rate adaptation. It is conceivable that other thermoregulatory adaptations
inhibited the requirement for elevated sweat loss during HST3 rather than a plateau in adaptation being apparent.
This is somewhat supported by our daily heat acclimation session data (Figure 5.2), whereby increased sweat
losses were observed beyond the STHA timescale. It is likely that a lowered internal temperature threshold for
sweating was induced by each heat acclimation method (Gonzalez et al. 1974; Nadel et al. 1974; Roberts et al.
1977; Hessemer et al. 1986; Armstrong and Kenney 1993; Cotter et al. 1997; Shido et al. 1999; Patterson et al.
2004b). In conjunction with reduced Trec, this adaptation afforded participants an improved centrally-mediated
tolerance to exercise-heat stress with the increased sweat loss a consequence of a greater duration spent sweating
within the session. This adaptation is facilitated by an earlier onset of sweating (Shido et al. 1999). Heat
acclimation is also known to induce peripheral changes at the sweat gland to sweat response during exercise-heat
stress (Fox et al. 1964; Buono et al. 2009; Lorenzo and Minson 2010). Increased cholinergic sensitivity of the
eccrine sweat gland or increased glandular hypertrophy is induced by heat acclimation (Sato and Sato 1983).
Sweat adaptations through central (threshold for sweat onset) and peripheral (sweat gland function) mechanisms
combine with reductions in the core temperature threshold for cutaneous vasodilation (Hessemer et al. 1986;
Nielsen et al. 1997; Buono et al. 1998; Yamazaki and Hamasaki 2003; Fujii et al. 2012) to confer adaptation
decreasing mean and peak Tsk by sweat evaporation (Table 5.3). These adaptations combined to reduce Tsk,
permitting greater direction of cardiac output to active muscles, as opposed to cutaneous anatomy (GonzálezAlonso et al. 1999b) reducing cardiovascular strain in the heat as evidenced by our heart rate data.
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The observation that thermal sensation further reduced from STHA to LTHA is potentially beneficial for
performance in the heat (Figure 5.4), it is believed that thermal discomfort drives true behavioural
thermoregulation (Flouris 2011). Initiation of each of these response pathways during exercise elicit behavioural
responses are known to lower work rate (Tucker et al. 2004; Tucker et al. 2006). This is an undesirable with
regards to optimal performance in the heat however the role of thermal comfort/sensation and pacing are yet to
be fully elucidated with contrasting data at present likely due to difference experimental design (Schlader et al.
2011b; Barwood et al. 2012; Barwood et al. 2014).

5.5.4

Practical applications arising from the data

Environmental conditions in this study were at the upper range of that typically prescribed for heat acclimation.
Current practice dictates practitioners aiming to induce heat acclimation would typically administer exercise-heat
stress environments at lower ambient temperature and humidity. We propose that in environments of lower heat
stress, that isothermal heat acclimation would provide optimal conditions for adaptation compared to fixed
intensity methods, where adaptations would not be augmented to the same extent on a sessional basis due to
reductions in strain during the acclimation process. This is most relevant during LTHA. With reference to
isothermic modes of heat acclimation, as exogenous heat stress reduces, the exercise or training load would
increase, potentially reducing the efficacy of this method. Hotter or more humid conditions would offset this,
eliciting more rapid increases in Trec than cooler conditions (Galloway and Maughan 1997). Integration of heat
acclimation into an athletic taper (Mujika et al. 2004; Garrett et al. 2011) is potentially problematic, requiring
acknowledgement of increased work demands of exercise in increasing thermal environments (Galloway and
Maughan 1997), which subsequently decreases with attainment of heat acclimation (Sawka et al. 1983a). We
suggest practitioners wishing to induce heat acclimation at a time of athletic taper should prescribe isothermic
heat acclimation under conditions of greater exogenous heat stress than forthcoming competition, to facilitate
maximal thermal adaptation for reduced exercise training requirement. The reduction in training volume being
an essential component of the taper (Spilsbury et al. 2014), establishing cardiorespiratory, vascular,
haematological and neuromuscular changes which ultimately contribute towards optimal performance (Mujika et
al. 2004). Additionally due to the greater absolute VO2, and consequently metabolic heat production, for the
same relative workload athletes typically exhibit, the rate of rectal temperature increase is likely to be greater in
a trained vs untrained population, reducing the duration taken to reach the 38.5°C core temperature target
facilitating greater rest periods.

5.5.5

Future research directions

Future work could involve the implementation of an isothermic method where workload is implemented using a
fixed relative metabolic heat production or relative power, as opposed to a relative workload such as %VO2max,
which may further optimise adaptation by reducing our observed individual variability associated with metabolic
heat production and retention (Cramer and Jay 2014). Additionally due to the linear relationship between HR and
V O2, this physiological measurement may be viable for prescribing work rate during heat acclimation. To
simplify administration a protocol using ratings of perceived exertion appears to also be effective (Neal et al.
2015). A comparison of the inducibility of changes in sweat composition, skin blood flow and plasma volume
expansion in response to the different heat acclimation modes are yet to be elucidated. It also remains uncertain
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whether isothermic heat acclimation is a more efficient method than fixed intensity heat acclimation for
preparing highly trained individuals for exercise heat stress (Garrett et al. 2012). Highly trained individuals are
likely to be able to sustain the greater absolute workloads required of the isothermic methods, with higher
metabolic heat production elevating the rate of core temperature more rapidly (Garrett et al. 2011; Cramer et al.
2012; Garrett et al. 2012) and thus, giving greater competition specificity to their acclimation, further enhancing
the efficacy of isothermic methods for this population.

5.6 CONCLUSIONS
All heat acclimation methods tested in this study were able to induce the heat-adapted phenotype following five
days of heat acclimation and therefore have merit towards attenuating increased physiological strain when
exercising in the heat. Based upon our data, the implementation of ten days of heat acclimation did not elicit
greater adaptation than five days with the exception of thermal sensation. We have identified that no difference
in the extent of adaptation exists between fixed intensity, continuous isothermic, and progressive isothermic heat
acclimation methods. Isothermic methods may be more favourable for athletes aiming to integrate heat
acclimation into a pre competition taper due to reduced exercise durations and mean session intensities.
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6 ISOTHERMIC AND FIXED INTENSITY HEAT ACCLIMATION METHODS
ELICIT EQUAL INCREASES IN HSP72 MRNA.
6.1 ABSTRACT
Thermotolerance, to which Heat shock protein-72 (Hsp72) contributes, is an acquired state achieved following
heat acclimation (HA), eliciting cellular adaption and protection against thermal stress. Optimal heat acclimation
methods achieving the greatest heat shock response (HSR) are equivocal; therefore investigation of methods
provoking the greatest sustained HSR is required to optimise cellular adaptation.
Twenty four males performed short term heat acclimation (STHA; five sessions) and long term heat acclimation
(LTHA; STHA plus further five sessions) utilising fixed intensity (FIXED; workload = 50%VO2peak), continuous
isothermic heat acclimation (ISOCONT; target rectal temperature (Trec) = 38.5°C) or progressive isothermic heat
acclimation (ISOPROG; target Trec = 38.5°C for STHA then target Trec = 39.0°C for LTHA). Leukocyte Hsp72
mRNA was measured pre and post day 1, day 5 and day 10 of heat acclimation via qRT-PCR to determine the
HSR.
Hsp72 mRNA increased (p < 0.05) pre to post day 1, pre to post day 5, and pre to post day 10 in FIXED, ISOCONT

and ISOPROG, but no differences were observed between methods (p > 0.05). The equal Hsp72 mRNA

increases occurring from consistent, reduced or increased endogenous strain following STHA and LTHA suggest
that transcription occurs following attainment of sufficient endogenous criteria. These data give confidence that
all reported heat acclimation methods increase Hsp72 mRNA and are capable of eliciting adaptations towards
thermotolerance.

6.2 INTRODUCTION
Repeated exposure to stressful thermal environments initiates a phenotypic heat adaptation known as heat
acclimation (HA) (Garrett et al. 2011), an element of which has been identified as thermotolerance (Moseley
1997). Thermotolerance (Moseley 1997), or acquired cellular thermotolerance (McClung et al. 2008), describes
the cellular adaptation accompanying systemic changes (Magalhães et al. 2010a; Sawka et al. 2011; Hom et al.
2012) induced by successful HA. Acquired cellular thermotolerance confers cytoprotection against subsequent
thermal exposure, translating to complimentary reductions in endogenous physiological and systemic strain
(Yamada et al. 2007; McClung et al. 2008). An established element of acquired cellular thermotolerance
involves changes in heat shock proteins (HSP) (Moseley 1997); in particular increases in the inducible, and
thermosensitive protein heat shock protein HSPA1A (HSP72) (McClung et al. 2008; Beckham et al. 2008;
Kampinga et al. 2009) following transcription of its gene (Hsp72 mRNA) as part of the heat shock response
(HSR).
Increased basal HSP72 is commonly reported following repeated exercise-heat stress, as is the inducibility of the
protein (Maloyan et al. 1999; McClung et al. 2008; Selkirk et al. 2009; Magalhães et al. 2010a; Amorim et al.
2011). Previously, extracellular HSP72 (eHSP72) has been used as a marker of the stress response. In spite of an
established eHSP72 response to sufficient exercise-heat stress (Marshall et al. 2006; Yamada et al. 2007; Ogura
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et al. 2008; Magalhães et al. 2010a; Périard et al. 2012b), the mechanisms leading to an increase in circulating
concentration are equivocal (Fleshner and Johnson 2005; Lancaster and Febbraio 2005b; Lancaster and Febbraio
2005a). Additionally, the biological role of eHSP72 appears more closely linked to an immunological response,
rather than a process favourably augmenting thermotolerance, and the associated cytoprotective adaptations
(Asea 2006). The measurement of intracellular HSP72 is optimal for determining cellular responses to heat
acclimation (Magalhães et al. 2010a). Heat acclimation increases basal HSP72, improving the cellular defence of
heat stress, and also leading to augmented translation during heat stress (Maloyan et al. 1999). The measurement
of HSP72 gene expression (Hsp72 mRNA) therefore offers an alternative marker of the magnitude of the cellular
stress response, and subsequent initiation of protein transcription required for increased thermotolerance
(Maloyan and Horowitz 2002). Based upon previous data (Maloyan et al. 1999) heat acclimation should increase
the measured Hsp72 mRNA transcription, a process primarily regulated by Heat shock factor protein 1 (HSF-1)
as part of the HSR (Kregel 2002). HSF1 activation involves a complex series of regulatory events, including
nuclear localization, oligomerisation and acquisition of HSE–DNA binding, ultimately resulting in the
transcription of Hsp72 mRNA (Sarge et al. 1993), this in response to the magnitude of thermal and physiological
challenge (Maloyan et al. 1999; McClung et al. 2008).
Fixed intensity heat acclimation methods (Houmard et al. 1990; Nielsen et al. 1993; Nielsen et al. 1997; Cheung
and McLellan 1998; Kresfelder et al. 2006; Marshall et al. 2007; Yamada et al. 2007; Watkins et al. 2008;
Sandström et al. 2008; Lorenzo et al. 2010; Lorenzo and Minson 2010; Amorim et al. 2011; Castle et al. 2011)
derive exercise intensity from pre acclimation baseline testing with the workload and exogenous environment
consistent day to day. Whilst thermal stress may be sufficient for the initial sessions of HA, with ongoing
adaptation, the relative potentiating stimuli may diminish along with the rate of adaptation, even to the extent
that the latter stage of heat acclimation are analogous to a reduction in stress (Taylor and Cotter 2006; Taylor
2014). Isothermic HA, also known as controlled hyperthermia, (Patterson et al. 2004b; Machado-Moreira et al.
2006; Garrett et al. 2009; Magalhães et al. 2010b; Magalhães et al. 2010a; Hom et al. 2012; Garrett et al. 2012;
Castle et al. 2012; Garrett et al. 2014; Patterson et al. 2014) imposes session-by-session workloads based upon
targeted endogenous criteria (core temperature ≥ 38.5°C), thus sustaining potentiating stimuli throughout the
intervention via a combination of active then passive heat exposure (Fox et al. 1963).

6.2.1

Aim

The aim of the present study was to identify differences in Hsp72 mRNA response to exogenously controlled,
fixed intensity HA, an endogenously controlled isothermic heat acclimation method, and a progressive
endogenous isothermic heat acclimation method.

6.2.2

Hypotheses

It was hypothesised that Hsp72 mRNA would increase following completion of an acute heat acclimation
session, irrespective of the method used; however isothermic methods would sustain the magnitude of increase
throughout acclimation due to sustained elevations in core temperature, with an increase in target core
temperature progressively increasing transcription.
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6.3 METHODS
6.3.1

Participants

Twenty-four healthy males complied with all criteria for participation (3.2.1 Medical criteria and recruitment and
3.2.2 Additional considerations 3.9 Hydration Measurement) throughout the experiment and were assigned into
fixed intensity heat acclimation (FIXED) (n = 8) continuous isothermic heat acclimation (ISOCONT) (n = 8) or
progressive isothermic heat acclimation (ISOPROG) (n = 8), see Table 5.1 for descriptive characteristics and
Figure 5.1. for a schematic representation of the experimental design.

6.3.2

Preliminary testing

Prior to undertaking the experimental trials of the study, volunteers attended the laboratories whereby their
anthropometric data was collected (3.3 Anthropometry). VO2peak was determined (3.5.2 Maximal/peak oxygen
uptake) as a means for estimating pre testing aerobic capacity and exercise intensity for the subsequent testing
protocols (3.5.3 Calculation of exercise intensity and power as a percentage of maximal/peak oxygen uptake).
Saddle position was adjusted by the volunteer to their preferred cycling position for the V O2peak test and it
remained unchanged for all trials. During all trials volunteers wore shorts, socks, and shoes.

6.3.3

Heat acclimation methods

Each heat acclimation testing session was conducted at the same time of day (07:00 - 11:00 h) to control for
effects of daily variation in performance (Shido et al. 1999) and variation in Hsp72 (Sandström et al. 2009;
Taylor et al. 2010b). Following provision of a urine sample and NBM, each participant was instrumented for
measurement of Trec (Trec 3.7.1 Rectal temperature) and HR (3.8.3 Heart rate), upon completion of resting
measures were taken after 5 min seated in temperate laboratory conditions. Participants subsequently mounted a
cycle ergometer located inside the environmental chamber where conditions were consistent for all groups (40.2
± 0.4°C, 39.0 ± 7.8% RH; (3.4.2 Experimental temperature and humidity control)). The FIXED participants
performed ten sessions of 90 min of continuous cycling exercise at a workload corresponding to 50% VO2peak
(3.6.1Fixed heat acclimation). ISOCONT participants exercised initially at a workload corresponding to 65% of
VO2peak until a target Trec of 38.5°C was achieved for all ten heat acclimation sessions (3.6.2 Isothermic heat
acclimation). ISOPROG participants exercised initially at a workload corresponding to 65% of VO2peak targeting a
Trec of 38.5°C for the first five sessions, then progressing to a Trec of 39.0°C for the final five sessions (3.6.2
Isothermic heat acclimation). During each testing session HR, Trec and power output, were recorded every 5 min.

6.3.4

Blood sampling, RNA extraction and one step reverse transcription quantitative
polymerase chain reaction (RT-QPCR)

Heat shock protein 72 mRNA was determined from circulating leukocytes collected via venepuncture
(3.10.1Venepuncture blood sampling). The process involved sequential Leukocyte Isolation and Leukocyte RNA
extraction (3.10.4.1), one step reverse transcription quantitative polymerase chain reaction (RT-QPCR)
(3.10.4.2), and analysis of real-time PCR data by the comparative Cycle Threshold (CT) method (3.10.4.3).
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6.3.5

Study design and statistical analysis

All outcome variables were first checked for normality using Kolmogorov-Smirnov and sphericity using the
Greenhouse Geisser method prior to further analysis. All statistical calculations were performed using PASW
software version 20.0 (SPSS, Chicago, IL, US). Data are reported as mean ± SD, with two-tailed significance
was accepted at p < 0.05. A between groups study design was implemented for this experimental chapter
replicating the design of Chapter 5, see schematic (Figure 5.1). One way (between group) ANOVA (Group (3;
FIXED, ISOCONT, ISOPROG)*Variable (1)) was used to determine differences between participant characteristics
for each experimental group at the onset of the study (Table 5.1).
Hsp72 mRNA was analysed using a three way mixed design (between-within-within groups and time) ANOVA
(Group (3)*Day (3; Day1, Day5, Day10)*Time ((2; Pre, Post)) see Figure 6.4. Dependent variables describing
resting Trec, and resting HR on the days where Hsp72 mRNA was measured, using a two way mixed design
(between-within groups) ANOVA (Group (3)*Day (3)), see Figure 6.3. The same between group analysis (Two
way mixed design (between-within groups) ANOVA (Group (3)*Day (3)) was used to determine differences in
the mean of each dependent variable describing within session protocol administration, thermoregulatory and
physiological responses to each day where Hsp72 mRNA was measured (Table 6.1). Adjusted Bonferroni
comparisons were used as post hoc analyses, determining where differences existed within each ANOVA.

6.4 RESULTS
6.4.1

Participant characteristics

No differences (p > 0.05) existed between groups for descriptive variables height, NBM, BSA, body fat % or
VO2peak. A difference (p < 0.05) was observed for age whereby ISOPROG was older than FIXED (+6.5 years).

6.4.2

Evidence of heat acclimation

Resting Trec was reduced (f = 6.976, p = 0.002, np2 = 0.249), and sweat loss increased (f = 7.067, p = 0.002, np2
= 0.252) overall, with a significant reduction between Day 1 and Day 10 (p = 0.003 and p = 0.002 respectively),
no interaction effects were observed for resting Trec (f = 0.707, p = 0.592, np2 = 0.063) or sweat loss (f = 1.311, p
= 0.281, np2 = 0.111), Figure 6.3. Resting HR demonstrated a significant overall effect (f = 10.941, p < 0.001,
np2 = 0.343) and interaction effect (f = 3.904, p = 0.009, np2 = 0.271), with significant differences observed
between Day 1 and Day 5 (p < 0.001) and Day 1 and Day 10 (p = 0.001) in ISOCONT, and a difference between
ISOPROG and FIXED (p = 0.043), and ISOPROG and ISOCONT (p = 0.015) on Day 1, and between FIXED and
ISOCONT (p = 0.038), and FIXED and ISOPROG (p = 0.023) on Day 10, Figure 6.3.
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Figure 6.1 Mean ± SD Trec (top; °C) and exercise intensity (bottom; %VO2peak) for the first five sessions (STHA)
of fixed intensity (FIXED, n = 8), continuous isothermic (ISOCONT, n = 8), and progressive isothermic (ISOPROG,
n = 8) heat acclimation methods. Error bars have been removed from Trec data for clarity.

Page | 172

Figure 6.2 Mean ± SD Trec (top; °C) and exercise intensity (bottom; %VO2peak) for all ten sessions (LTHA) of
fixed intensity (FIXED, n = 8), continuous isothermic (ISOCONT, n = 8), and progressive isothermic (ISOPROG, n =
8) heat acclimation methods. Error bars have been removed from Trec data for clarity.
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Figure 6.3 Mean ± SD Changes in resting Trec, resting heart rate and sweat rate following STHA (Day 1 to 5)
utilising fixed intensity (FIXED), continuous isothermic (ISOCONT), and progressive isothermic (ISOPROG)
methods.* denotes significant difference overall from Day 1 (p <0.05). # denotes significant difference within
group and Day (p <0.05). ^ denotes significant difference from ISOPROG within group and Day (p <0.05). †
denotes significant difference from FIXED within group and Day 1 (p <0.05).

6.4.3

Session specific data

Exercising duration (f = 8.717, p = 0.001, np2 = 0.293), mean session intensity (f = 13.121, p < 0.001, np2 =
0.385), total work done (f = 12.322, p < 0.001, np2 = 0.370), mean Trec (f = 7.430, p = 0.002, np2 = 0.261),
duration Trec ≥38.5°C (f = 5.014, p = 0.011, np2 = 0.193), mean HR (f = 4.374, p = 0.019, np2 = 0.172), and peak
HR (f = 12.617, p < 0.001, np2 = 0.375) all demonstrated overall differences between days, no between day
difference was observed for peak Trec (f = 1.540, p = 0.226, np2 = 0.068) or duration Trec ≥39.0°C (f = 1.455, p =
0.245, np2 = 0.065).

Exercising duration (f = 4.552, p = 0.004, np2 = 0.2302), mean session intensity (f = 6.720, p < 0.001, np2 =
0.390), total work done (f = 4.594, p = 0.004, np2 = 0.304), mean Trec (f = 3.839, p = 0.010, np2 = 0.268), peak Trec

(f = 4.539, p = 0.004, np2 = 0.302), duration Trec ≥38.5°C (f = 4.015, p = 0.008, np2 = 0.277), duration Trec

≥39.0°C (f = 4.348, p = 0.005, np2 = 0.293) all demonstrated interaction effects, no interaction effect was
observed for mean HR (f = 2.276, p = 0.077, np2 = 0.178) or peak HR (f = 0.712, p = 0.588, np2 = 0.064). See
Table 6.1 for full post hoc analysis. No differences between days or the interaction effect were observed for
mean exercising intensity (f = 2.193, p = 0.124, np2 = 0.095; f = 2.445, p = 0.061, np2 = 0.189), change Trec (f =
1.538, p = 0.227, np2 = 0.068; f = 2.019, p = 0.109, np2 = 0.161).
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Table 6.1 Mean ± SD Protocol, thermoregulatory and physiological data characterising exercise – heat stress on
day one, day five and day ten of fixed intensity (FIXED), continuous isothermic (ISOCONT), and progressive
isothermic (ISOPROG) methods.
Day 1

Day 5

FIXED

ISOCONT

ISOPROG

FIXED

ISOCONT

90.0 ±

61.9 ±

56.3 ±

90.0 ±

0.0

10.7†

16.6†

0.0

49.7 ±

36. 6 ±

36.7 ±

0.6

5.3†

49.7 ±
0.6

Total Work Done

Day 10

ISOPROG

FIXED

ISOCONT

ISOPROG

76.3 ±

53.1 ±

90.0 ±

78.8 ±

70.0 ±

15.5*

10.3†^

0.0

15.8*

9.3* #

50.0 ±

47.0 ±

32.3 ±

50.0 ±

50.5 ±

45.8 ±

11.2†

0.0

8.3*

8.6†^

0.0

9.5*

8.0*#

52.6 ±

58.8 ±

50.0 ±

57.4 ±

56.8 ±

50.0 ±

58.7 ±

58.9 ±

8.2

5.1

0.0

4.9

5.9

0.0

7.0

6.2

656 ±

498 ±

554 ±

673 ±

657 ±

500 ±

684 ±

719 ±

708 ±

(kJ)

166

81

102

165

100*

152

164

126*

176*#

Mean Trec

38.17 ±

38.15 ±

38.21 ±

37.85 ±

38.10 ±

38.27 ±

37.74 ±

38.04 ±

38.18 ±

(°C)

0.17

0.23

0.25

0.22*

0.19

0.24†

0.19*

0.23†

0.21†

Peak Trec

38.92 ±

38.65 ±

38.87 ±

38.52 ±

38.66 ±

38.91 ±

38.40 ±

38.67 ±

39.06 ±

(°C)

0.26

0.32

0.18

0.43*

0.25

0.24

0.33*

0.23

0.37†

∆ Trec

1.81 ±

1.53 ±

2.01 ±

1.47 ±

1.74 ±

2.10 ±

1.56 ±

1.95 ±

2.32 ±

(°C)

0.60

0.37

0.33

0.74

0.20

0.42

0.72

0.32

0.61†

32.5 ±

28.8 ±

44.4 ±

13.1 ±

22.5 ±

51.3 ±

5.0 ±

29.4 ±

35.6 ±

8.5

15.1

21.3

16.0*

20.7

18.5†^

8.0*

23.5†

18.6†

5.6 ±

0.0 ±

1.9 ±

1.3 ±

2.5 ±

6.9 ±

0.0 ±

0.0 ±

20.0 ±

12.1

0.0

3.7

3.5

7.1

14.4

0.0

0.0

16.0#†^

159 ±

151 ±

144 ±

149 ±

148 ±

140 ±

146 ±

151 ±

144 ±

(b.min )

12

13

9

21

9

8

14

8

14

Peak HR

176 ±

183 ±

182 ±

171 ±

172 ±

174 ±

164 ±

174 ±

171 ±

12

9

11

26

12

8

13

11

13

Exercising
Duration
(min)
Mean Session
Intensity
(%VO2peak)
Mean Exercising
Intensity
(%VO2peak)

Duration Trec
≥38.5°C
(min)
Duration Trec
≥39.0°C
(min)
Mean HR
-1

-1

(b.min )

Notes: * denotes difference from Day 1 within respective method (p < 0.05). # denotes difference from Day 5
within respective method (p < 0.05). † denotes difference from FIXED within respective day (p < 0.05). ^
denotes difference from ISOCONT within respective day (p < 0.05).

6.4.4

Hsp72 mRNA responses

No differences in Hsp72 mRNA were observed between days (f = 1.499, p = 0.236, np2 = 0.070) or across heat
acclimation methods between days (f = 1.708, p = 0.167, np2 = 0.146). Hsp72 mRNA did increase Pre to Post
overall (f = 84.485, p < 0.001, np2 = 0.809), and Pre to Post over time (f = 3.696, p = 0.034, np2 = 0.156); Day 1
(p < 0.001), Day 5 (p < 0.001) and Day 10 (p < 0.001).
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No Pre to Post difference occurred between heat acclimation methods (f = 3.074, p = 0.069, np2 = 0.235) or for
the Pre to Post, between day, between heat acclimation methods interaction (f = 1.512, p = 0.217, np2 = 0.131);
on Day 1 (FIXED; 2.3 ± 1.0 to 6.4 ± 2.8, ISOCONT; 1.9 ± 0.6 to 4.4 ± 1.1 and ISOPROG; 1.9 ± 0.8 to 7.1 ± 2.9),
Day 5 (FIXED; 2.3 ± 0.8 to 4.2 ± 2.2, ISOCONT; 2.3 ± 0.8 to 5.3 ± 2.5 and ISOPROG; 2.2 ± 0.5 to 6.3 ± 2.2) and
Day 10 (FIXED; 2.3 ± 0.7 to 4.3 ± 2.0, ISOCONT; 2.1 ± 0.7 to 4.3 ± 1.3 and ISOPROG; 2.0 ± 0.5 to 6.1 ± 1.7).

Figure 6.4 Mean ± SD Hsp72 mRNA pre and post sessions on Day 1, Day 5 and Day 10 of fixed intensity
(FIXED) continuous isothermic (ISOCONT), and progressive isothermic (ISOPROG) methods. * denotes significant
Pre to Post difference within session (p <0.05).

6.5 DISCUSSION
The aim of this experiment was to determine whether there was a difference in the change in leukocyte Hsp72
mRNA expression between fixed intensity, continuous isothermic, and progressive isothermic methods during
STHA and LTHA. Participants were successfully matched for anthropometric descriptive data and V O2peak,
ISOPROG participants were observed as older than FIXED although the magnitude of difference is not
physiologically relevant with regards to heat stress responses (Kenny et al. 2010).

6.5.1

Hsp72 mRNA responses to heat acclimation

An anticipated increase in Hsp72 mRNA expression was observed pre to post each session of exercise-heat
stress across all groups overall. No statistical difference in Hsp72 mRNA existed between heat acclimation
methods, either pre or post acclimation on day 1, day 5 or day 10, as such the cellular stress response was
considered equal on these days.
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In spite of diminished endogenous stress in FIXED due to the ongoing heat acclimation adaptations the reduction
was not to the extent that mRNA was statistically reduced on day 5 or day 10. Consequently equal signals for the
attainment of thermotolerance are present in FIXED (active heat acclimation) as ISOCONT and ISOPROG methods
(active and passive acclimation). This is an important observation which suggests that exercise per se is not as
significant as hyperthermia. It should be acknowledged that all groups performed exercise in a similar intensity
domain (49.7-58.9% V O2peak), for between 53.1-90.0 minutes, as such there may have been insufficient
polarisation of the protocols to determine a true mechanistic effect. No significant pre to post increase in Hsp72
mRNA was observed by implementing a progressive increase in core temperature/hyperthermia (38.5°C to
39.0°C) suggesting targeting a Trec of 38.5°C is sufficient. The reduced endogenous thermal strain (mean Trec,
peak Trec, and duration Trec ≥38.5°C) did not attenuate Hsp72 mRNA responses observed following FIXED
between day 1 and day 5 (following STHA) and day 10 (following LTHA) (Table 6.1). Previous data from our
laboratory has shown FIXED day 1 presents equivalent endogenous strain to that elicited at 50% VO2peak in 40°C,
whereas day 10 presents strain equivalent to working at the same intensity in just 30°C (see 4.5.1Physiological
and thermoregulatory responses to exercise-heat stress; and Figure 4.1). This reduction in strain due to the
ongoing adaptive process of HA. The attenuated endogenous criteria were not apparent within isothermic
methods demonstrating the effectiveness of these methods at targeting core temperatures. Correspondingly
Hsp72 increases were also maintained each day as previously within the field (Magalhães et al. 2010a). Our data
further implicates these endogenous thermoregulatory markers as the most relevant signals for manipulating
Hsp72 mRNA (Magalhães et al. 2010a) with all the methods tested providing sufficient endogenous stimuli for
Hsp72 mRNA transcription. Different duration exercising and workload intensity across day 1 and day 5 and day
10 do not appear relevant contributors to the Hsp72 mRNA response within our experimental design, and are in
accordance with previous suggestions (Hom et al. 2012). These observations, that hyperthermia rather than
exercise is an important signal for Hsp72 transcription is supported by the equal post exercise expression using
active then passive acclimation in ISOCONT and ISOPROG, as active only in FIXED. This is in agreement with
other passive heating data (Maloyan et al. 1999). It is not known if this is true of the mean exercise intensity
required of each method which, despite not being significantly different between methods, may influence the
magnitude of the mRNA response during heat acclimation (e.g. if the FIXED intensity group exercised at an
intensity >50% VO2peak). Increased relative exercise intensity proportionally increases metabolic heat production,
thus increasing core temperature (Mora-Rodriguez et al. 2008) which is associated with increased HSP72
(Mestre-Alfaro et al. 2012). This exogenous parameter of exercise-heat stress therefore cannot be disassociated
from changes in Hsp72 mRNA in spite of a secondary rather than causal role (Liu et al. 2000; Milne and Noble
2002; Liu et al. 2004).
Reduced thermal endogenous strain, particularly the attenuated magnitude and rate of core temperature increase,
may be most pertinent to the observed reductions in Hsp72 mRNA transcription in this study. These endogenous
criteria have been considered as important in other measures of HSP responses to acclimation (Magalhães et al.
2010a). Post acclimation day increases in Hsp72 mRNA indicated that the stress presented at the start of HA,
and after STHA and LTHA all surpassed the minimum required endogenous strain to elicit increased
transcription of Hsp72 mRNA in leukocytes across heat acclimation methods. The Hsp72 mRNA response
provides further evidence of the importance of providing a consistent stressor for adaptation, via the facilitation
of consistent or elevations in core temperature throughout STHA and LTHA. Sustained Hsp72 mRNA increases
demonstrate the continued stimulation of the pathway responsible for thermotolerance - the cellular stress
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response to heat. As Hsp72 mRNA continued to elevate throughout the heat acclimation period, complete
HSP72 protein mediated acclimation benefits had not been achieved in any method, despite adaptive phenotypic
heat acclimation responses following both STHA and LTHA (Horowitz and Kodesh 2010). It is currently
unknown whether an upper adaptive limit to heat acclimation or thermotolerance exists at a cellular level. Heat
acclimation increases baseline HSP72 and blunts inducibility of HSP72 ex vivo heat shock (McClung et al.
2008). Theoretically, once stress is presented to a cell, thermotolerance through optimised HSP72 affords
sufficient cytoprotection and therefore, normal cell function and homeostasis is maintained without further
transcription (Kregel 2002). Implementation of isothermic methods give the greatest consistency of potentiation
stimuli towards continual and consistent magnitudes of Hsp72 mRNA transcription and concurrent increases in
HSP72 which are associated with thermotolerance in vitro (Kregel 2002), in vivo (Maloyan et al. 1999), and heat
acclimation improvements in heat tolerance (Patterson et al. 2004b). Augmented HSP72, enhances cell tolerance
to subsequent heat insults translating to enhanced organ, systemic and whole body tolerance (Beckham et al.
2008) and when considering the heat shock response (HSR) to the stress stimuli, a repressed HSF-1 activity.
Heat acclimation and thermotolerance are associated, with greater physiological heat acclimation adaptation
blunting HSP72 induction to heat shock ex vivo, with heat acclimation accompanied by elevated baseline and
improved regulation of HSP72 (Yamada et al. 2007; McClung et al. 2008). It is known that HSR inhibition
impairs cellular and systemic adaptations associated with thermotolerance and heat acclimation in exercising
humans via reductions in circulating cytokines and cellular and systemic markers of heat strain (Kuennen et al.
2011). Phenotypic adaptations occurring throughout STHA and LTHA do not delay or mitigate the HSR
requirement of the tested heat acclimation methods, with sufficient if not consistent core temperature increases
(Hom et al. 2012) augmenting synergistic cellular thermotolerance (Maloyan et al. 1999; Horowitz et al. 2004)
alongside systemic heat acclimation phenotype adaptations (Moseley 1997).
Both final/peak, and absolute change in Trec appear to have an effect on HSP72 changes during heat acclimation
(Magalhães et al. 2010a), this has been previously shown by extracellular HSP72 release (Périard et al. 2012b),
and now Hsp72 mRNA, indicating elevated thermal stress. Mechanistically, failure for ISOPROG to elicit
significant differences in Hsp72 mRNA in spite of differential mean, peak, and change in Trec in comparison with
ISOCONT suggest progressively increasing the endogenous thermal strain through isothermic heat acclimation
may not augment additional phenotypic heat acclimation or acquired cellular thermotolerance. A required
“threshold” for the transcription of Hsp72 mRNA appears to be surpassed by ISOCONT over both STHA and
LTHA time scales irrespective of a 0.5°C increase in the target temperature suggesting the rate of transcription
may be maximal following attainment of an internal temperature of 38.5°C. Maximal mean Trec ≥38.5°C were
higher in this study and others showing increased HSP72 (McClung et al. 2008; Magalhães et al. 2010a)
compared with others where mean Trec <38.5°C (Yamada et al. 2007; Hom et al. 2012), no data is available for
the duration spent at this Trec. A “threshold” for heat acclimation appears to be surpassed by ISOCONT and
ISOPROG over LTHA with no further benefit of a 38.5°C to 39.0°C progression in the “threshold”. We observed
no difference in Hsp72 mRNA transcription between 38.5°C and 39.0°C Trec, suggesting mean temperature alone
may not be the most important signal for increase or that an optimal Hsp72 mRNA transcription rate may occur
once a suggested threshold of 38.5°C (Trec) has been surpassed (Morton et al. 2009b; Amorim et al. 2011).
It appears that despite achieving consistent core temperatures, isothermic methods contain some degree of
variability in the acute sessional, and adaptive responses. This variability in the response to the isothermic should
be acknowledged as a potential limitation of the method. Figure 6.2 demonstrates that the resting temperature of
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ISOPROG was lower than the other groups, most notably when compared with ISOCONT during STHA.
Additionally ISOPROG required a lower final exercise intensity than in ISOCONT, this despite similar temperature
during STHA and higher temperature during LTHA. The variability in isothermic methods is most identifiable
from exercise/rest durations between ISOCONT and ISOPROG, and following the progression from STHA to
LTHA. Additional duration at rest in LTHA is counter intuitive with heat gain decreasing with adaptation thus
greater work is required to achieve the target temperature. This appears true of the initial bout of exercise where
attainment of the target temperature is delayed in LTHA compared to STHA (Figure 6.2). Mechanistically, the
additional duration at rest in LTHA, compared to STHA is facilitated by the requirement for exercise to be
maintained longer during the initial bout of exercise to achieve the target temperature. The result of this is a
reduced requirement for participants to resume exercise following rest as the 90 minute session ends before
temperature reduces below the target threshold. During STHA, the time to target core temperature is achieved
earlier in the session than in LTHA. A greater duration then remains for heat dissipation and temperature
reduction, consequently initiating a resumption of exercise in accordance of the requirements of the protocol.
The extended first exercise bout in LTHA reduces the time remaining in the session for resuming exercise and
thus participants demonstrate less work/lower average intensity of work later in the session. The greater duration
of the initial bout of exercise prior to cessation also rationalises some of the differences between ISOCONT and
ISOPROG during LTHA. The requirement for a greater change in core temperature in ISOPROG, requires
participants to exercise for longer initially to attain the higher temperature as such they again perform less work
later in the session. These limitations demonstrate the importance of future research optimising isothermic
methods so that a greater consistency of protocol administration, and potentially consistency of Hsp72 mRNA
transcription is achieved. A larger sample size may reduce the variability in the protocol administration, and may
strengthen the observations of the Hsp72 mRNA particularly trends towards reductions in FIXED which may
become statistically different given prolonged acclimation (i.e. +10 days) or a within group statistical analysis. It
was observed that Hsp72 mRNA Post day 5 (p = 0.100) and post day 10 (p = 0.082) reduced non significantly in
comparison to day 1, an observation not true of ISOCONT (Post day 1 vs. Post day 5 p = 0.998; Post day 1 vs. Post
day 10 p = 1.000) or ISOPROG (Post day 1 vs. Post day 5 p = 1.000; Post day 1 vs. Post day 10 p = 0.677). An
explanation for this may relate to the variability in the change in FIXED, physiologically this might be
rationalised by individual differences in acclimation rate, and thus endogenous criteria using this protocol; an
element that might be further clarified by a larger sample size.

6.5.2

Future research directions

Future work could involve tissue viability/ex vivo experiments to quantify the increased thermotolerance induced
between heat acclimation methods alongside the measurement of the HSP72 protein, the absence of which is a
limitation of the present experiment. Analysis of the acute Hsp72 mRNA response to the first session of
progressive isothermic heat acclimation would allow analysis of increased hyperthermia from 38.5°C to 39°C to
be quantified, although the measurement of mRNA presents a limitation in itself as no data is available to
confirm intracellular HSP72 increases, with differential heat acclimation methods eliciting different gains in total
protein which may in itself augment a changing mRNA/protein ratio. Cellular thermotolerance is unlikely to be
explicit to HSP72 alone, with a number of genes associated with the cellular stress response to hyperthermia.
Therefore a wider genomic and molecular analysis would facilitate further insight into the adaptive mechanisms
(Sonna et al. 2002). Data suggests an endogenous threshold/minimum criteria may exist for Hsp72 mRNA or
HSP72 protein increases as proposed by others (Amorim et al. 2008; Morton et al. 2009b; Magalhães et al.
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2010a; Périard et al. 2012b). Further investigation of precise endogenous signals leading to greatest intracellular
Hsp72 mRNA and HSP72 increases in leukocytes and muscle is warranted to enable links between heat
acclimation and thermotolerance, to be further examined. This could be facilitated by extended heat acclimation
durations beyond ten sessions to determine whether in FIXED further diminished endogenous strain would see a
continued attenuation of the post session mRNA transcription, or via an experiment where either lower
isothermic temperatures are targeted, or changes from baseline implemented to elicit graded minimum
thresholds. Individual variability associated with metabolic heat production and retention and the respective
effects they may have on Hsp72 mRNA expression could be eliminated by modifying the isothermic method to
administer the exercise based upon a fixed relative rate of heat production (Cramer and Jay 2014), further
optimising acquired cellular thermotolerance through repeated exercise-heat stress at an optimised asymptote of
core temperature increase.

6.6 CONCLUSIONS
Hsp72 mRNA transcription, a marker of the cellular stress response to hyperthermia and an important
component of thermotolerance, demonstrated equal sessional increases utilising all heat acclimation methods.
The equal Hsp72 mRNA increases occurring after equal, reduced or increased core temperature following STHA
and LTHA suggest that as long as a minimum endogenous criteria is surpassed, additional endogenous
thermoregulatory strain is not of further benefit, nor is continual exercise load crucial so long as hyperthermia is
present. These data give confidence that all reported heat acclimation methods increase Hsp72 mRNA and are
capable

of

eliciting

adaptations

towards

thermotolerance.
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7 HEAT ACCLIMATION ATTENUATES PHYSIOLOGICAL STRAIN AND THE
CELLULAR STRESS RESPONSE TO ACUTE NORMOBARIC HYPOXIA

7.1 ABSTRACT
Heat acclimation attenuates physiological strain in both temperate and hot conditions. The aim of this study was
to determine whether heat acclimation reduced the physiological strain and cellular stress response to acute
normobaric hypoxia.
Sixteen male participants completed ten 90 min sessions of isothermic heat acclimation (HA, n = 8;
40°C/40%RH) or exercise training (EX, n = 8; 20°C/40% RH). HA or EX were preceded (HYP1) and proceeded
.
(HYP2) by a 30min normobaric hypoxic exposure (FiO2=0.12; 10min rest, 10min cycling at 40%VO2peak, 10min
.
cycling at 65%VO2peak).
HA induced greater rectal temperatures (Trec), sweat loss (SL) and heart rates (HR) than EX during the training
sessions. HA, but not EX, reduced resting Trec, resting HR and increased SL and plasma volume. Haemoglobin
mass did not change following HA nor EX. Hsp72 and Hsp90α mRNA increased in response to each HA
session, but did not change with EX.
Stroke volume was greater throughout HYP2 vs. HYP1 following HA, but was unchanged after EX. HR during
.
HYP2 was lower and O2 Saturation higher at 65%VO2peak following HA, but not EX. The O2 pulse was greater at
.
rest and 65% VO2peak in HYP2 following HA, but was unchanged after EX. At rest, the respiratory exchange
ratio reduced during HYP2 following HA, but not EX. The increase in Hsp72 mRNA during HYP1, did not
occur in HYP2 following HA. In EX, Hsp72 mRNA expression was unchanged during HYP1 and HYP2 at
baseline and post trial. In HA and EX, increases in Hsp90α mRNA during HYP1 were maintained in HYP2.
HA reduces physiological strain, and the transcription of Hsp72, but not Hsp90α mRNA in acute normobaric
hypoxia.

7.2 INTRODUCTION
Hypoxia, a deficiency of oxygen (O2) within biological tissue, occurs at altitude, where reduced partial pressure
of O2 reduces its availability (Peacock 1998). Hypoxia increases physiological strain both at rest and during
exercise (Buchheit et al. 2004), with impairment of exercise performance (Wehrlin and Hallén 2006), notably
during exercise where aerobic metabolism is utilised predominantly (Balsom et al. 1994).
The physiological advantages and disadvantages of hypoxic/altitude exposure have been summarised in
numerous review articles (Bailey and Davies 1997; Wilber 2007; Friedmann-Bette 2008; Millet et al. 2010b;
Fudge et al. 2012). Repeated rest/exercising hypoxic exposures, known as altitude or hypoxic training, are an
effective method for attenuating the negative effects (Bailey and Davies 1997) of hypoxia (Rodríguez et al.
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2000; Stray-Gundersen et al. 2001; Katayama et al. 2003). Methods for altitude/hypoxic training are varied, with
synergistic interactions between simulated and terrestrial altitude, resting or exercise exposures and continuous
and intermittent exposures, each eliciting different magnitudes of adaptation (Wilber 2007; Millet et al. 2010b).
Irrespective of precise application, hypoxic training requires lengthy durations of exposure over prolonged,
repeated periods (typically between 14 – 28 days) for meaningful adaptation (Gore et al. 2013).
Heat acclimation interventions, carried out by repeated exercise in hot humid conditions (Sawka et al. 2011),
reproducibly reduce physiological strain and improve exercise performance in both hot (Nielsen et al. 1993;
Lorenzo et al. 2010) and cool conditions (Lorenzo et al. 2010; Corbett et al. 2014b). A number of recent reviews
support a novel adaptive pathway whereby heat acclimation may reduce physiological strain in hypoxia (Salgado
et al. 2014; White et al. 2014; Ely et al. 2014). These pathways can be subdivided into cross acclimation,
whereby physiological responses to heat acclimation attenuate increases in physiological strain (White et al.
2014) and cross tolerance, whereby cellular responses to heat acclimation provide cytoprotection during hypoxia
(Horowitz et al. 2004; Ely et al. 2014).
Acute physiological responses to hypoxia (Bailey and Davies 1997) can be used as criteria for investigating the
efficacy of cross acclimation. Heat acclimation reduces glycolysis and the metabolic rate during exercise
(Kirwan et al. 1987), with plasma volume expansion (Patterson et al. 2004a; Lorenzo et al. 2010; Lorenzo and
Minson 2010; Fujii et al. 2012; Garrett et al. 2014; Patterson et al. 2014) and improved myocardial efficiency
(Levi et al. 1993a; Horowitz 2002) preserving or enhancing cardiac output and skeletal muscle blood flow
(Nielsen et al. 1993). Oxygen delivery to the muscle is also sustained by heat acclimation induced maintenance
of central blood volume via reductions in the core/skin temperature gradient (Sawka et al. 2011) and evaporative
heat loss via sweating (Sato et al. 1990; Shido et al. 1999; Buono et al. 2009; Lorenzo and Minson 2010; Poirier
et al. 2015). Improved temperature and haematological regulation facilitate a leftward shift in the
oxyhaemoglobin saturation curve (Lee et al. 2014b). Heat acclimation has varying timescales, however effective,
expedient and beneficial adaptations are known to occur within five daily sessions (short term) (Garrett et al.
2011). Complete adaptation taking ~10 daily sessions (long term), demonstrating a greater efficiency of
adaptation when compared to altitude/hypoxic interventions (Garrett et al. 2011).
Crosstolerance has been defined as a single or repeated sub-lethal exposure to a stressor as eliciting a positive
adaptive effect to a subsequent exposure to a different stressor (Kregel 2002). The cellular pathway for this has
been proposed to share commonality with those seen within in vivo thermotolerance (Moseley 1997), where
cellular adaptation to heat stress accompanies the induction of phenotypic adaptations associated with heat
acclimation (Maloyan et al. 1999; Yamada et al. 2007; McClung et al. 2008; Magalhães et al. 2010a).
Thermotolerance confers cytoprotection against subsequent thermal exposure (Yamada et al. 2007; McClung et
al. 2008) principally by changes in heat shock proteins (HSP) (Horowitz 2014). HSPs facilitate important
cellular processes fulfilling roles as protein chaperones (Freeman and Morimoto 1996) and anti-apoptotic
mediators (Arya et al. 2007). In particular, increases in the inducible proteins HSPA1A (Hsp72) and HSPC1
(Hsp90α) mitigate pathophysiological responses to endogenously stressful stimuli. Both Hsp72 and Hsp90α
proteins are augmented proportionally to increased cellular stress (increased cellular temperature) in response to
ex vivo heat shock (McClung et al. 2008). Hsp72 and Hsp90α have been implicated as important for directly and
indirectly modulating the adaptive cellular/molecular response to hypoxia (Taylor et al. 2010a; Taylor et al.
2011; Salgado et al. 2014); this suggests a shared signalling pathway. In the absence of measured changes in
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protein either following acute or chronic stress, mRNA has been used as a marker for identifying the magnitude
of stimuli initiating the in vivo cellular stress response (Tuttle et al. 2015) indicating the potential for the gene
transcript to be used as a marker of cross tolerance.
The effects of heat acclimation on hypoxic exercise performance (Heled et al. 2012) have provided evidence of
improvements in oxygen saturation and heart rate at the onset of blood lactate accumulation. A further study has
shown that 3 days of heat acclimation may mitigate increases in Hsp72 protein in hypoxia, due largely to
increased basal concentrations of Hsp72 (Lee et al. 2014b). This, alongside some attenuation of cardiovascular
and thermoregulatory strain, appears to support the existence of cross acclimation/tolerance (Lee et al. 2014b).
Whilst demonstrating a useful insight into the likely benefits of cross acclimation, this novel data alone fails to
provide mechanistic evidence, particularly with regards to precise physiological systems and cellular/molecular
pathways which confer cross adaption optimally following long term heat acclimation (McClung et al. 2008;
Lorenzo et al. 2010).

7.2.1

Aim

The aim of this experiment was to determine whether long term heat acclimation would reduce physiological
strain and the cellular stress response to an acute hypoxic exposure (at rest and at various exercise intensities) in
comparison to exercise training matched for intensity and duration in temperate conditions.

7.2.2

Hypotheses

It was hypothesised that heat acclimation in comparison to temperate environment training, would reduce
physiological strain in hypoxia via cardiovascular and thermoregulatory adaptations and that the cellular stress
response to hypoxia, quantified by changes in Hsp72 and Hsp90α gene expression (mRNA) would be reduced
following heat acclimation.

7.3 METHODS
7.3.1

Participants

Sixteen healthy males were assigned to matched groups to perform isothermic heat acclimation (HA) or act as a
normothermic exercise control (EX), participant descriptive data can be found inTable 7.1 Mean ± SD. Baseline
participant characteristics for heat acclimation (HA) and control (EX) groups.. No contraindications for testing
were violated prior to commencing any experimental session (3.2.1 Medical criteria and recruitment and 3.2.2
Additional considerations 3.9 Hydration Measurement).
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Table 7.1 Mean ± SD. Baseline participant characteristics for heat acclimation (HA) and control (EX) groups. *
denotes significant difference between groups (p < 0.05)

7.3.2

HA (n = 8)

EX (n = 8)

Age (years)

22.5 ± 3.5

26.0 ± 5.0

Height (cm)

181.6 ± 6.0

179.4 ± 7.0

Nude Body Mass (kg)

74.6 ± 7.9

74.6 ± 4.8

Body Surface Area (m2)

1.95 ± 0.13

1.93 ± 0.13

Body Fat (%)

13.4 ± 3.2

14.5 ± 2.6

VO2peak (L.min-1)

4.32 ± 0.68

4.22 ± 0.62

Power at 40% VO2peak (W)

102 ± 27

104 ± 26

Power at 65% VO2peak (W)

201 ± 41

192 ± 37

Preliminary Testing

Prior to undertaking the experimental trials of the study, volunteers attended the laboratories whereby their
.
anthropometric data was collected (3.3 Anthropometry). VO2peak was determined (3.5.2 Maximal/peak oxygen
uptake) as a means for estimating pre testing aerobic capacity and exercise intensity for the subsequent testing
protocols (3.5.3 Calculation of exercise intensity and power as a percentage of maximal/peak oxygen uptake).
.
Saddle position was adjusted by the volunteer to their preferred cycling position for the V O2peak test and it
remained unchanged for all trials. During all trials volunteers wore shorts, socks, and shoes.

7.3.3

Haematological measures

Twenty four hours prior to hypoxic exposures haemoglobin mass (Hbmass; g) was quantified according to
optimised methods (Turner et al. 2014b). Hbmass (g), blood volume (BV; mL) and plasma volume (PV; L) were
determined in accordance with the oCOR-method (Schmidt and Prommer 2005; Prommer and Schmidt 2007).
Technical error of measurement for Hbmass is presented in Table 7.2. Participants were seated for 20 min before
the connecting to a closed glass spirometer allowing inspiration of a CO bolus of 1.0mL.kg-1 followed by 2 min
rebreathing of a small volume of oxygen (3.5 L). Before and 4 min after CO-rebreathing participants completely
exhaled to residual volume into a CO gas meter (Pac 7000, Drager; Pittsburg, PA, USA). The volume of CO
which had not been taken up by the body was calculated from the remainder CO in the spirometer and from the
CO exhaled after disconnecting the subject from the spirometer (Prommer and Schmidt 2007). Fingertip
capillary samples, for determination of carboxyhaemoglobin concentration (%HbCO) were taken immediately
before the rebreathing procedure and at 6 and 8 min after the CO bolus was administered. Blood samples were
measured immediately in triplicate (Turner et al. 2014c) using an ABL80 CO-OXFlex hemoximeter
(RadiometerTM;Copenhagen, Denmark). Hbmass was calculated from the mean change in HbCO before and
after rebreathing CO (Prommer and Schmidt 2007). At the relevant timepoints within the oCOR method
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haemoglobin (3.10.5 Haemoglobin) and haematocrit (3.10.6 Haematocrit) determined for calculation of BV and
PV.
Table 7.2 Inter session reliability data for total haemoglobin mass

n = 11

Hbmass
g

7.3.4

Data 1

Data 2

Mean

866

851

Standard Deviation

84

96

Absolute TEM

27.19

Relative TEM (%)

0.8

Correlation

r = 0.974
p < 0.001

Hypoxic exposures

Twenty four hours prior to, and following the first (Day1), and final (Day10) HA or EX experimental testing
session participants performed a 30 min normobaric hypoxic exposure adapted from Lunt et al., (Lunt et al.
2010). Participants entered normobaric hypoxic conditions (FiO2 = 0.12) achieved using a purposed built
nitrogen-enriched chamber (3.4.3 Hypoxic conditions), with temperature and humidity controlled by air
conditioning (18°C, 40%RH). Upon entry of the chamber participants rested in a supine position on a padded
massage bench for a period of 10 minutes. The rest period was followed by two bouts of cycling exercise (3.5.1
.
Cycle ergometry) performed at a workload corresponding to 40% of normoxic VO2peak for a period of 10 min
.
and then a workload corresponding to 65% of normoxic VO2peak for a further 10 min (Table 7.1, 3.5.3 Calculation
of exercise intensity and power as a percentage of maximal/peak oxygen uptake). During resting and exercise
.
.
time periods HR, oxygen uptake (VO2; L.min-1), carbon dioxide production, (VCO2; L.min-1), Ventilation (VE;
L.min-1) , respiratory exchange ratio (RER) , peripheral arterial oxygen saturation (SpO2; %) were recorded
continuously (3.8 Cardiopulmonary Measurements). Prior to entry, and following every ten min participants
reported RPE (3.11.1 Rating of perceived exertion) and LLQ (3.11.3 Lake Louise questionnaire score).
.
Cardiac output (Q; L.min-1) was estimated non invasively using established equations with VO2 measured and
.
arteriovenous O2 content differences (C[a-vDO2]) based upon the linear relationship between C[a-vDO2] and V
O2max (Stringer et al. 1997). Stroke volume (SV; mL) was calculated from estimated Q and measured HR.

7.3.5

Heat acclimation/Exercise protocols

Each heat acclimation or exercise experimental testing session was conducted at the same time of day (07:00 10:00 h) to control for effects of daily variation in performance (Drust et al. 2005) and HSP expression
(Sandström et al. 2009; Taylor et al. 2010b) inside a purpose built environmental (3.4.2 Experimental
temperature and humidity control). On arrival to the laboratory participants were checked for adequate hydration
status (3.9 Hydration Measurement) and NBM (3.3.2 Body mass) was measured before and after the trials to
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facilitate calculation of sweat loss (L.hr-1; Equation 3.21 Sweat rate calculation). No correction was made for
insensible water loss and loss of mass associated with the respiratory exchange of O2 and CO2 (Dion et al. 2013).
Participants were then instrumented for measurement of Trec (3.7.1 Rectal temperature) and HR (3.8.3 Heart
rate). Following a 10 minute seated stabilisation period in temperate laboratory conditions (20°C, 30% RH) at
sea level (FiO2 = 0.2093) resting measures (Trec, HR, RPE (3.11.1 Rating of perceived exertion), TSS (3.11.2
Thermal sensation scale)) were recorded and participants in the immediately entered the environmental chamber
(HA; 40.2°C ± 0.4°C, 41.0 ± 6.4% RH; EX 19.8°C ± 0.2°C, 28.5 ± 2.7% RH) and mounted a cycle ergometer
(Monark e724, Monark AB, Varberg, Sweden). Participants allocated to the HA group performed ten sessions of
isothermic heat acclimation cycling exercise (Table 7.1; 3.6.2 Isothermic heat acclimation targeting a Trec of
38.5°C) in accordance with established isothermic heat acclimation protocols. Participants in the EX group
performed ten 90 min sessions of continuous cycling exercise at an intensity designed to match total work with
that of the HA group (Table 7.3) in temperate conditions. During each HA and EX testing session HR, T rec, RPE,
TSS and power output, were recorded every 5 min. Testing was terminated within a given day if a subject
attained a Trec of 39.7°C (zero incidences).

7.3.6

Blood sampling and RNA extraction

Heat shock protein mRNA was determined from circulating leukocytes collected via venepuncture immediately
pre- and post- HYP1 and HYP2, and on the first (Day1), and tenth (Day10) experimental sessions for both HA
and EX (3.10.1Venepuncture blood sampling). The process involved sequential Leukocyte Isolation and
Leukocyte RNA extraction (3.10.4.1), one step reverse transcription quantitative polymerase chain reaction (RTQPCR) (3.10.4.2), and analysis of real-time PCR data by the comparative Cycle Threshold (CT) method
(3.10.4.3).

7.3.7

Study design and statistical analysis

All outcome variables were first checked for normality using Kolmogorov-Smirnov and sphericity using the
Greenhouse Geisser method prior to further analysis. All statistical calculations were performed using PASW
software version 20.0 (SPSS, Chicago, IL, US). Data are reported as mean ± SD, with two-tailed significance
was accepted at p < 0.05. A between groups study design was implemented for this experimental chapter
replicating the design of chapters 5 and 6, however only two groups were recruited. Independent samples TTests were used to determine differences in the participant characteristics (Table 7.1) and the mean protocol
administration and physiological data describing the intervention (Table 7.3).
Two way mixed design (between-within) ANOVA (Group (2; HA, EX)*Time (19; 0, 5 – 90 min)) was used to
.
determine differences in mean Trec, mean HR and mean relative exercise intensity ( V O2peak) during the
intervention Figure 7.1). Two way mixed design (between-within) ANOVA (Group (2)*Time (2; Pre
intervention, Post intervention)) was used to determine differences in markers of adaptation (Table 7.4). Two
way mixed design (between-within) ANOVA (Group (2)*Time (4; Pre Day 1, Post Day1, Pre Day 10, Post
Day10)) was during to determine differences in Hsp72 and Hsp90α mRNA during the intervention (Figure 7.5).
Two way mixed design (between-within) ANOVA (Group (2)*Trial (2; HYP1, HYP2)) was used to determine
differences in the physiological and perceptual data (Table 7.5) in hypoxia where each dependent variable was
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.
.
analysed within each respective intensity (Rest, 40%VO2peak, 65% VO2peak), with no comparisons made across
intensity (Figure 7.2, Figure 7.3, Figure 7.4). Two way mixed design (between-within) ANOVA (Group
(2)*Time (4; Pre HYP1, Post HYP1, Pre HYP2, Post HYP2)) was during to determine differences in Hsp72 and
Hsp90α mRNA during the whole hypoxic exposure (Figure 7.6). Adjusted Bonferroni comparisons were used as
post hoc analyses, determining where differences existed within each ANOVA.

7.4 RESULTS
7.4.1

Heat acclimation/ Exercise intervention

HA and EX were successfully matched for session duration (t = 1.000; p = 1.00; d = 0.00), exercising duration
(t = 0.635; p = <0.001; d = 0.34), work done ( t = -0.168; p = 0.869; d = 0.09), session power (t = -0.224; p =
0.826; d = 0.12), exercising power (t = -1.441; p = 0.172; d = 0.77), session intensity (t = -0.355; p = 0.728; d
= 0.19) and exercising intensity (t = -0.485; p = 0.635; d = 0.26) (Table 7.3).
Differences were observed for mean Trec (t = 9.138; p < 0.001; d = 4.88), mean Trecfinal60 ( t = 10.431; p < 0.001;
d = 5.58) peak Trec (t = 7.157; p < 0.001; d = 3.83), rate Trec increase (t = 6.876; p < 0.001; d = 3.68), change
Trec (t = 6.090; p < 0.001; d = 3.25), duration Trec≥38.5°C (t = 14.106; p < 0.001; d = 7.54), between HA and
EX interventions Table 7.1. Additionally, sweat loss (t = 7.254; p < 0.001; d = 3.88), mean HR ( t = 3.444; p =
0.004; d = 1.84), peak HR (t = 3.494; p = 0.006; d = 1.73), mean PSI (t = 8.111; p < 0.001; d = 4.34), peak PSI
( t = 5.281; p < 0.001; d = 2.82), mean RPE (t = 2.918 ; p = 0.011; d = 1.56), peak RPE (t = 4.650; p < 0.001; d
= 2.49), mean TSS (t = 8.394; p < 0.001; d = 4.49) and peak TSS (t = 13.537; p < 0.001; d = 7.24) were greater
in HA compared to EX interventions (Table 7.3).
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Figure 7.1 Mean ± SD Rectal Temperature (°C; top), heart rate (b.min-1; middle) and estimated exercise
intensity (%VO2peak; bottom) during 10 days of heat acclimation (HA, n = 8) and normothermic exercise (EX, n =
8). * denotes significant difference from EX (p < 0.05).
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Table 7.3 Mean ± SD. Summary of mean protocol and physiological data for ten sessions of heat acclimation
(HA) or control (EX).
HA (n = 8)

EX (n = 8)

Session Duration
(min)

90.0 ± 0.0

90.0 ± 0.0

Exercising Duration
(min)

48.4 ± 3.7

47.5 ± 1.1

Total Work Done
(W)

5,009 ± 1,018

5,100 ± 1,131

Session Intensity
(W.kg-1)

1.1 ± 0.2

1.1 ± 0.2

1.5 ± 0.5

1.8 ± 0.4

31.3 ± 3.6

31.8 ± 2.2

58.9 ± 6.4

60.2 ± 4.1

38.32 ± 0.11 *

37.55 ± 0.21

Mean Trec Final 60 min
(°C)

38.68 ± 0.15 *

37.63 ± 0.24

Peak Trec
(°C)

38.98 ± 0.20 *

38.05 ± 0.31

Change in Trec
(°C)

2.21 ± 0.43 *

1.10 ± 0.29

Duration Trec ≥38.5 °C
(min)

48.6 ± 9.1*

1.8 ± 2.3

Rate of Trec increase
(°C.hr-1)

2.72 ± 0.39 *

1.38 ± 0.39

Sweat Rate
(L.hr-1)

1.44 ± 0.32 *

0.51 ± 0.18

Sweat Rate
(%NBM)

2.92 ± 0.74 *

1.01 ± 0.30

Mean HR
(b.min-1)

136 ± 14 *

112 ± 14

Peak HR
(b.min-1)

173 ± 12 *

148 ± 18

Mean HR
(%max)

72 ± 7 *

59 ± 8

Peak HR
(%max)

91 ± 7 *

78 ± 9

Mean PSI

5.8 ± 0.7 *

3.1 ± 0.7

Peak PSI

8.0 ± 0.7 *

5.5 ± 1.2

Mean RPE

11.4 ± 1.2 *

10.0 ± 0.8

Peak RPE

17.9 ± 1.3 *

14.8 ± 1.4

Mean TSS

6.4 ± 0.6 *

4.5 ± 0.3

Peak TSS

7.5 ± 0.2 *

5.4 ± 0.4

Exercise Intensity
(W.kg-1)
Session Intensity
.
(%VO2peak)
Exercise Intensity
.
(%VO2peak)
Mean Trec
(°C)

* denotes significant difference from EX (p < 0.05)
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7.4.2

Adaptation to heat acclimation or exercise training

An interaction effect was observed between HA and EX and day 1 and day 10 for resting Trec (f = 11.507; p =
0.004; np2 = 0.451), resting HR (f = 20.579; p < 0.001; np2 = 0.595), sweat loss (f = 7.146; p = 0.018; np2 =
0.338), plasma volume (f = 23.501; p < 0.001; np2 = 0.627) and blood volume (f = 25.582; p < 0.001; np2 =
0.646) in HA, but not EX (Table 7.4). Sweat loss was greater on day 1 and 10 in HA than EX (p < 0.001), but
resting Trec (p = 0.007) and resting HR (p = 0.033) were lower on day 10 in HA compared to EX (Table 2). No
difference was observed between days (f = 0.275; p = 0.608; np2 = 0.019) or days*groups (t = 0.237; p = 0.634;
np2 = 0.017) for Hbmass (Table 7.4).

Table 7.4 Mean ± SD Comparison of Day 1 and Day 10 (Trec, HR, and Sweat), and Pre – Post intervention data
(Plasma Volume, Hbmass, Blood Volume, Plasma Osmolarity) for Heat Acclimation (HA) and Control (EX)
groups.
Day 1 / Pre

Day 10 / Post

HA (n = 8)

EX (n = 8)

HA (n = 8)

EX (n = 8)

Resting Trec
(°C)

36.97 ± 0.25

36.99 ± 0.32

36.48 ± 0.29 # *

36.93 ± 0.28

Resting HR
(b.min-1)

74 ± 13

68 ± 14

56 ± 8 # *

66 ± 9

Sweat Rate
(L.hr-1)

1.13 ± 0.28 *

0.45 ± 0.20

1.67 ± 0.42 # *

0.59 ± 0.24

Hbmass
(g.kg-1)

869 ± 92

865 ± 110

869 ± 96

857 ± 126

Plasma Volume
(mL)

2981 ± 335

3142 ± 530

3427 ± 335 #

3107 ± 622

Blood Volume
(mL)

5627 ± 501

5686 ± 847

6129 ± 550 #

5611 ± 1032

* denotes significant difference from EX within day (p < 0.05). # denotes significant difference from day 1 within
group (p < 0.05)

7.4.3

Hypoxic tolerance tests

At rest in hypoxia, there was an interaction effect between groups and HYP1 and HYP2 for SV (f=11.439;
.
p=0.004; np2=0.450), V O2/HR (f=6.852; p=0.020; np2=0.329) and RER (f=5.078; p=0.041; np2=0.266). In
.
HYP2, at rest differences occurred following HA for SV (p=0.003; Figure 7.2), VO2/HR (p=0.039; Figure 7.3)
and RER (p=0.045; Figure 7.4), but not EX (p>0.05). No difference was observed in HR (f=0.820; p=0.381;
np2=0.055) nor SpO2 (f=2.123; p=0.167; np2=0.132) at rest in hypoxia (Table 7.5).

Page | 190

Table 7.5 Mean ± SD Comparison of physiological and perceptual data at rest, and whilst exercising at 40%
normoxic VO2peak and 65% VO2peak in hypoxia (FiO2 = 0.12) before (Hyp1) and after (Hyp2) heat acclimation
(HA, n =8) or normothermic exercise (EX, n = 8).

HYP1 - Rest

HYP2 - Rest

HYP1 - 40%

HYP2 - 40%

HYP1 - 65%

HA

EX

HA

EX

HA

EX

HA

EX

HA

EX

HA

EX

SV
(mL)

75 ±
15

72 ±
21

83 ±
17 *

70 ±
22

114 ±
15

123 ±
30

127 ±
13 *

110 ±
17

108 ±
13

119 ±
30

119 ±
8*

107 ±
16

HR
(b.min-1)

65 ± 8

70 ±
13

61 ±
10

69 ±
15

132 ±
13

139 ±
19

122 ±
12

136 ±
16

168 ±
14

169 ±
18

158 ±
13 *

166 ±
17

Q
(L.min-1)

4.9 ±
0.7

5.2 ±
1.3

5.0 ±
0.6

4.5 ±
0.3

14.9±
0.2

16.7 ±
5.1

15.2 ±
1.6

14.9±
2.1

18.1±
2.3

19.7±
5.1

18.8 ±
1.7

17.7 ±
2.6

SpO2
(%)

79.8 ±
3.6

79.0 ±
3.7

82.0 ±
3.3

78.5 ±
4.8

74.3 ±
4.9

72.6 ±
3.6

75.9 ±
3.2

74.3 ±
2.7

73.4 ±
3.0

74.0 ±
3.5

76.4 ±
3.1 *

73.9 ±
3.6

0.34 ±
0.06

0.34 ±
0.05

0.35 ±
0.05

0.31 ±
0.02

1.82 ±
0.32

1.98 ±
0.44

1.78 ±
0.25

1.85 ±
0.32

2.85 ±
0.45

2.88 ±
0.61

2.85 ±
0.28

2.73 ±
0.38

5.3 ±
1.2

5.1 ±
1.7

5.8 ±
1.4 *

4.8 ±
1.7

13.9 ±
2.3

14.4 ±
2.5

14.9 ±
1.6

13.8 ±
2.0

16.8 ±
2.1

17.1 ±
3.3

18.1 ±
1.4 *

16.5 ±
2.3

VE
(L.min-1)

10.5 ±
2.3

10.4 ±
1.8

10.2 ±
1.4

9.9 ±
0.9

54.0 ±
12.5

62.0 ±
16.3

50.7 ±
10.5

57.0 ±
10.4

116.1
± 27.4

124.6
± 33.2

18.7 ±
17.6

115.7
± 19.9

Bf
(br.min-1)

13 ± 3

14 ± 2

14 ± 3

15 ± 1

25 ± 4

29 ± 6

25 ± 2

30 ± 5

40 ± 5

48 ±
12

39 ± 4

48 ±
10

RER

0.96 ±
0.07

0.91 ±
0.08

0.90 ±
0.06 *

0.93 ±
0.06

0.94 ±
0.07

0.97 ±
0.08

0.92 ±
0.08

0.95 ±
0.05

1.06 ±
0.08

1.05 ±
0.12

1.01 ±
0.08

1.03 ±
0.07

RPE

6.0 ±
0.0

6.0 ±
0.0

6.0 ±
0.0

6.0 ±
0.0

9.4 ±
1.9

12.3 ±
1.8

10.1 ±
1.6

12.6 ±
2.2

16.4 ±
2.2

17.4 ±
1.1

15.8 ±
1.3

17.4 ±
0.9

LLQ

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

0.0 ±
0.0

0.1 ±
0.4

0.3 ±
0.5

0.1 ±
0.4

0.1 ±
0.4

0.8 ±
1.2

1.0 ±
2.4

0.1 ±
0.4

0.6 ±
1.2

.
VO2
(L.min-1)
.
VO2/HR
(mL.b-1)

HYP2 - 65%

* denotes significant difference from HYP1 within condition (p < 0.05).
.
When exercising at 40%VO2peak in hypoxia, differences were observed for SV (f = 5.185; p = 0.039; np2 = 0.270)
.
within the group*HYP comparison. In HYP2, at 40%VO2peak differences occurred following HA for SV (p =
0.049; Figure 7.2), but not EX (p > 0.05). No difference was observed in HR (f = 1.575; p = 0.230; np2 = 0.101),
.
SpO2 (f = 0.000; p = 1.000; np2 = 0.000), VO2/HR (f = 2.651; p = 0.126; np2 = 0.126) and RER (f = 0.047; p =
.
0.831; np2 = 0.003) when exercising at 40%VO2peak (Table 7.5).
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Figure 7.2 Mean ± SD Cardiac output (Q), stroke volume (SV) and heart rate (HR) during rest, and whilst
exercising at 40% normoxic VO2peak and 65% VO2peak in hypoxia (FiO2 = 0.12) before (Hyp1) and after (Hyp2)
heat acclimation (HA, n = 8) or normothermic exercise (EX, n = 8). * denotes significant difference from Hyp1
within condition (p < 0.05).
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.
When exercising at 65%VO2peak in hypoxia, differences were observed for HR (f = 4.751; p = 0.047; np2 =
.
0.253), SV (f = 15.662; p = 0.001; np2 = 0.528), SpO2 (f = 5.616; p = 0.033; np2 = 0.286) and VO2/HR (f =
.
10.584; p = 0.006; np2 = 0.431) within the group*HYP comparison. In HYP2, at 65%V O2peak differences
occurred following HA for HR (p = 0.001; Figure 7.2), SV (p<0.001; Figure 7.2), SpO2 (p = 0.006; Figure 7.3)
.
and VO2/HR (p = 0.006; Figure 7.3), but not EX (p > 0.05). No difference was observed in RER (f = 0.248; p =
.
0.626; np2 = 0.017) when exercising at 65%VO2peak (Table 7.5).

Figure 7.3 Mean ± SD Oxygen saturation (SpO2) and oxygen pulse (VO2/HR) during rest, and whilst exercising
at 40% normoxic V O2peak and 65% V O2peak in hypoxia (FiO2 = 0.12) before (Hyp1) and after (Hyp2) heat
acclimation (HA, n = 8) or normothermic exercise (EX, n = 8). * denotes significant difference from Hyp1
within condition (p < 0.05).
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Figure 7.4 Mean ± SD Respiratory exchange ratio (RER) during rest, and whilst exercising at 40% normoxic
VO2peak and 65% VO2peak in hypoxia (FiO2 = 0.12) before (Hyp1) and after (Hyp2) heat acclimation (HA, n = 8)
or normothermic exercise (EX, n = 8). * denotes significant difference from Hyp1 within condition (p < 0.05).
.
.
No differences between HYP trials were observed when at rest, at 40%VO2peak or at 65%VO2peak respectively for
.
Q (f = 1.858; p = 0.194; np2 = 0.117. f = 1.306; p = 0.272; np2 = 0.085. f = 0.741; p = 0.404; np2 = 0.050), VO2 (f
= 0.578; p = 0.460; np2 = 0.040. f = 3.201; p = 0.095; np2 = 0.186. f = 1.138; p = 0.304 np2 = 0.075), VE (f =
0.975; p = 0.340; np2 = 0.065. f = 3.448; p = 0.084; np2 = 0.198. f = 2.588; p = 0.130; np2 = 0.156), Bf (f = 2.411;
p = 0.143; np2 = 0.147. f = 0.503; p = 0.490; np2 = 0.035; f = 0.090; p = 0.769 ; np2 = 0.006), RPE (f = 0.000; p =
1.000; np2 < 0.001. f = 0.916; p = 0.355; np2 = 0.061. f = 0.845; p = 0.373; np2 = 0.057) or LLQ (f = 1.000; p =
0.334; np2 = 0.067. f = 0.609; p = 0.448; np2 = 0.042. f = 1.659; p = 0.219; np2 = 0.106) (Table 7.5).
.
.
No difference for the group*HYP trials comparison were observed when at rest, 40%VO2peak or 65%VO2peak
respectively for Q (f = 3.071; p = 0.102; np2 = 0.180. f = 2.572; p = 0.131; np2 = 0.0155. f = 3.164; p = 0.097; np2
.
= 0.184), VO2 (f = 1.525; p = 0.237; np2 = 0.098. f = 0.959; p = 0.344; np2 = 0.064. f = 1.064; p = 0.320; np2 =
0.071.), VE (f = 0.039; p = 0.846; np2 = 0.003. f = 0.145; p = 0.709; np2 = 0.010. f = 0.022; p = 0.884; np2 =
0.002), Bf (f = 0.008; p = 0.929; np2 = 0.001. f = 0.370; p = 0.553; np2 = 0.026; f = 0.006; p = 0.941; np2 <
0.001), RPE (f = 0.000; p = 1.000; np2 < 0.001. f = 0.102; p = 0.754; np2 = 0.007. f = 0.845; p = 0.373; np2 =
0.057) or LLQ (f = 1.000; p = 0.334; np2 = 0.067. f = 0.000; p = 1.000; np2 < 0.001. f = 0.104; p = 0.752; np2 =
0.007) (Table 7.5).
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7.4.4

Hsp72 mRNA and Hsp90α mRNA during HA or EX

An interaction effect was observed for Hsp72 mRNA (f = 20.428; p = 0.001; np2 = 0.611) and Hsp90α mRNA (f
= 10.282; p = 0.007; np2 = 0.422). No difference was observed between HA or EX at pre Day1 or Day10 (p =
0.396 and p = 0.180), but a difference was observed post HA in comparison to EX (p = 0.004 and p = 0.012).
Hsp72 mRNA and Hsp90α mRNA increased pre to post HA (p<0.001 and p<0.001) in HA, but not EX (p<0.051
and p = 0.394).

Figure 7.5 Mean ± SD Hsp72 (top) and Hsp90α (bottom) mRNA pre and post Day 1 and Day 10 of heat
acclimation (HA, n = 7) and normothermic exercise controls (EX, n = 8). * denotes significant difference from
pre within Day and Intervention (p<0.05). # denotes significant difference from EX within Time and Day
(p<0.05).
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7.4.5

Hsp72 mRNA and Hsp90α mRNA during hypoxic tolerance tests

Hsp72 mRNA increased during HYP1 (f = 17.005; p = 0.001 np2 = 0.567). In the HA group, an increase in
Hsp72 mRNA was observed following HYP1 (p = 0.006), but not HYP2 (p = 0.440). This was supported by the
observation that Hsp72 mRNA was greater post HYP1 in comparison to HYP2 (p = 0.021). No changes in the
pattern of Hsp72 mRNA expression were observed in EX. Hsp90α mRNA increased pre to post HYP1 and
HYP2 (f = 17.110; p = 0.001 np2 = 0.568). However, no differences were observed between HYP1 and HYP2,
nor between HA and EX at any time.

Figure 7.6 Mean ± SD Hsp72 (top) and Hsp90α (bottom) mRNA in hypoxia (FiO2 = 0.12) before (HYP1) and
after (HYP2) heat acclimation (HA, n = 7) or normothermic exercise (EX, n = 8). * denotes significant
difference from Pre within condition and HYP (p<0.05). † denotes significant difference from Pre overall
(p<0.05).
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7.5 DISCUSSION
This experiment investigated whether heat acclimation reduced physiological strain and the cellular stress
response to an acute hypoxic exposure combining rest and exercise, in comparison to exercise training in
temperate conditions. These data support the hypothesis that cardiovascular and thermoregulatory adaptation
following HA attenuates physiological strain in hypoxia. The adaptation pathway was mediated by PV
.
expansion increasing SV and VO2/HR at rest and exercise in hypoxia, as well as attenuating HR responses and
preservation of SpO2 during exercise in hypoxia. A novel observation was the reduction in resting RER (-0.05)
following HA, but not EX, suggesting differences in fuel utilisation at rest with a preferential shift towards fat
oxidation from glucose utilisation. At a cellular level, HA, mitigated the group specific Hsp72 mRNA increase,
but not the Hsp90α mRNA response to hypoxia. The Hsp90α mRNA response also increased comparably to HA
before and after CON, however no increase in Hsp72 mRNA was observed in either trials in this group.

7.5.1

Adaptations to HA and EX

HA and EX were successfully matched for typical parameters used to prescribe exercise training (Table 7.3); i.e.
equal session and exercise durations, total work done and the relative intensity of each intervention. The equality
of training parameters gives confidence that adaptations were induced by the increased thermal strain of the hot,
humid environment of HA, in comparison to the temperate conditions of EX, see Figure 7.1. Increases in core
temperature have been identified as the fundamental potentiating stimuli to initiate the phenotypic responses
known as heat acclimation (Regan et al. 1996). In HA, increased mean (+0.8°C), peak (+0.9°C), rate of change
(+1.3°C.hr-1), absolute change (+1.1°C) in Trec and importantly, the duration where Trec exceeded the isothermic
threshold of 38.5°C (47 min, Figure 7.1) have facilitated greater adaptation than the normothermic training of
EX (Table 7.3). The requirement for increased heat dissipation through evaporative pathways was evidenced by
a near three fold difference in sweat losses in HA compared to EX (Poirier et al. 2015), whilst increased heat
storage in HA is the stimuli for increased HR (+24 b.min-1), PSI (+2.7) and RPE (+1.4) and TSS (+1.9) for the
same absolute exercise prescription as EX (Galloway and Maughan 1997). The thermal strain of HA increased
BV by 500 mL when compared to EX (Table 7.4). A lack of change in Hbmass indicates HA induced
hypervolemia was a response to increases in extracellular fluid, with increases in PV (446 mL) near equivalent to
the absolute change in BV, reaffirming hypervolemia as a primary adaptation (Senay et al. 1976).
Implementation of both long term isothermic heat acclimation (Patterson et al. 2004a) and permissive
dehydration (Garrett et al. 2014) within heat acclimation are the most probable causes for the larger expansion of
plasma volume (+15%) within our data compared with others utilising similar participants, protocol length and
environmental conditions (6.5% (Lorenzo et al. 2010), 9.0% (Patterson et al. 2004a), and 11.1% (Burk et al.
2012)). Resultant hypohydration from increased sweating in HA compared to EX (+0.9 L.hr-1), and the sustained
endogenous stimuli (increased Trec) facilitated by isothermic rather than fixed intensity heat acclimation
(chapters 5 & 6), increases the activity of the Renin-Angiotensin Aldosterone system expanding PV (Paul et al.
2006). Large increases in PV are associated with potential haemodilution (Ely et al. 2014). Haemodilution is a
potential negative adaptation, with the desirable maintenance of Q potentially confounded by a reduced relative
O2 carrying capacity of a given blood unit.
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7.5.2

Evidence of physiological cross acclimation

Improvement in SaO2 (+3%) in HYP2 following HA suggests that a 15% increase in PV is beneficial in hypoxia,
even if optimal PV expansion is currently unknown. PV increase is the established mechanism for the increase in
SV (rest = +9 mL; exercise = +12 mL) when Q is maintained, as seen between HYP1 and HYP2 following HA
.
(Figure 7.2). Reduced exercising HR (-10 b.min-1) was observed (Figure 7.2) and the VO2/HR ratio becomes
.
more efficient after HA (rest = +0.5 mL.b-1; exercise = +1.3 mL.b-1). The PV mediated improvement in VO2/HR
.
efficiency in hypoxia is unsurprising due to the relationship between SV and VO2/HR (Bhambhani et al. 1994;
Whipp et al. 1996). Increased PV may also be beneficial for the maintenance of SpO2 (Figure 7.3) as a reduction
in HR and blood viscosity affords a greater erythrocyte alveolar transit time, facilitating more complete resaturation within the pulmonary system (Dempsey et al. 1984). This may be of greater benefit both in hypoxia,
and for more well-trained individuals, due to a greater reduction in SpO2 resulting from a typically larger Q, and
thus reduced pulmonary gas exchange at higher exercise intensities (Powers et al. 1989).
The reduction in Trec (-0.49°C) and increased SL (+48%, Table 7.4) following HA has a dual role in facilitating
enhanced heat balance/dissipation. A reduced Trec mediates a greater spectrum for temperature increase, whilst
increased SL is facilitated by an earlier sweating onset even when accounting for decreased Trec (Roberts et al.
1977; Shido et al. 1999). Within HYP1/HYP2, the magnitude of heat stress was moderate (Lorenzo et al. 2010;
Corbett et al. 2014b) and would appear compensable (Cheung et al. 2000), thus reduced Trec following heat
acclimation as a mechanism for prolonging permissible physiological strain and exercise performance in
temperate hypoxia is not fundamental. Instead, a secondary benefit of reduced Trec during exercise in hypoxia, a
leftward shift in the oxyhaemoglobin dissociation curve was likely observed (White et al. 2014). A leftward shift
signifies the potential for enhanced O2 saturation of Hb at any given partial pressure of O2 (PO2), thus
contributing to the preservation of SpO2, an important component towards mitigating altitude illness (Karinen et
al. 2010). This is particularly important in hypoxia where O2 utilisation is more greatly compromised in
.
comparison to normoxia. The preservation of SpO2 observed at 65%VO2peak is likely a result of the increased
demand for O2 at the muscle reducing the PO2 to a greater extent at this intensity (Stringer et al. 1994). The
incremental order of the exercise workloads may have also contributed, with this workload implemented at the
end of the protocol when greatest cumulative heat storage and rate of heat gain would have occurred. Exercise
at/around the anaerobic threshold has been observed as improving in humans following heat acclimation in both
normoxic (Lorenzo et al. 2010; Heled et al. 2012) and hypoxic (Heled et al. 2012) test environments. Increases
in glycolytic enzymes and mitochondrial proliferation may contribute to post HA increases in SpO2 during
.
exercise in hypoxia via improvements at this intensity domain (typically 60-70%VO2peak (Davis et al. 1976)),
regrettably our experimental design cannot unequivocally confirm this, though our data is agreeable.
Despite no changes in our data, hypothetically a sufficient dose of heat acclimation could increase Hbmass
(Semenza and Wang 1992), via the induction of HIF-1α (Maloyan et al. 2005), as is well established of altitude
exposure (Gore et al. 2013). Trends for increases in erythrocyte volume have been observed following
interventions similar to HA (p = 0.06; 4.1 ± 0.9%) following 5 d of heat acclimation (Garrett et al. 2014).
Conversely, and in agreement with our data, training for 10 d in 30°C at 610 m elicited no change in erythrocyte
volume (+0.4 ± 0.6 mL.kg-1), whereas training at the same temperature at 2,000 m elicited significant gain (+1.9
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± 0.4 mL.kg-1) (Takeno et al. 2001). This suggests established non thermal, O2 sensing pathways are most
important for increasing Hbmass (Semenza and Wang 1992; Gore et al. 2013). Our interventions did not increase
Hbmass, thus HA/EX either did not, or cannot induce sufficient heat strain or training load to induct erythropoietin
at sea level in 10 days (Garvican et al. 2012; Eastwood et al. 2012). This disparity from comparable research
suggests more data are required to elucidate whether heat acclimation can effectively induce changes in Hb mass.
The known metabolic response to altitude is a preferential shift towards glycolysis (Palmer and Clegg 2014), as
such the reduction in RER, an indicator substrate utilisation was an unexpected observation. In the absence of
.
changes in VE and Bf (Table 7.5), RER reduction at rest during HYP2 (following HA) appears to be a metabolic
response (Figure 7.4), rather than an artefact of hyperventilation between trials (Braun et al. 2000) though the
present data cannot determine whether hypoxia induced hyperventilation from normoxia occurred, or was
reduced following HA. HIF-1 alters metabolism at altitude (Palmer and Clegg 2014), the typical response being
an initial increase in glycolysis upon acute exposure, followed by a reduction with acclimatization/acclimation.
HIF-1 is known to increase following heat acclimation (Maloyan et al. 2005; Shein et al. 2005), thus heat
acclimation initiated increases may accelerate the desensitisation, or inhibit the immediate shift in substrate
metabolism within mitochondria (Papandreou et al. 2006). Another theory implicates Hsp72 as having a
therapeutic role in the regulation of glycolysis amongst other metabolic disorders e.g. type II diabetes, obesity
(Henstridge et al. 2014). Data from transgenic mice overexpressing Hsp72 evidences increased fatty acid
.
oxidation and reduced mitochondrial dysfunction, alongside increased VO2 and exercise capacity (Henstridge et
al. 2014). The authors accept these mechanisms are speculative, however the response within our data warrants
further investigation to authenticate or refute this observation.

7.5.3

Evidence of cellular/molecular cross tolerance

Hsp72 and Hsp90α mRNA increases are Trec dependent (Tuttle et al. 2015), as shown following 30 min of flat
(+1.3 and +0.9 fold respectively) and downhill running (+1.9 and +1.4 fold respectively) at lactate threshold, in
both temperate (+1.1 and +0.9 fold respectively) and hot (+1.9 and +1.6 fold respectively) conditions (Tuttle et
al. 2015). Previous observations (Gibson et al. 2015a), that Hsp72 mRNA increases (+2.5 fold) are sustained
during isothermic HA are supported by our data (+2.0±1.0 fold), which also supports similar sustained increases
in Hsp90α mRNA (+2.4±1.5 fold) using this method. These data highlight that isothermic heat acclimation could
potentially provide a stimuli for increases in intracellular Hsp72 and Hsp90α protein at both the onset and
culmination of the regimen (Figure 7.5). The endogenous physiological and cellular strain induced by EX is
insufficient to induce the respective gene transcripts for Hsp72 (+0.5±0.2 fold) and Hsp90α (+0.4±0.1 fold),
likely due to the failure to induce sufficient changes in Trec or oxidative stress. Thus, this exercise prescription is
unlikely to increase basal protein within the cell, a requirement of cross-tolerance.
Increased Hsp72 and Hsp90α mRNA in hypoxia highlights the sensitivity of each gene to both exercise and
endogenous environmental stimuli (oxidative stress induced by hypoxia). Increased gene expression in HYP1
suggests our protocol was effective at providing potentiating stimuli for a cellular stress response, albeit with
smaller expression than HA sessions suggesting inferior endogenous stimuli for transcription.
Reductions in Hsp72 mRNA following HYP2 (+0.3±0.0 fold), evidences either reduced physiological strain
during HYP2 (cross acclimation) or an HA induced increase in intracellular Hsp72 (Magalhães et al. 2010a)
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(cross tolerance) mitigating the requirements for further gene transcription. Neither of these mechanistic
pathways are true of Hsp90α which shares a similar response between HYP1 (+0.3±0.4 fold) and HYP2
(+0.4±0.4 fold) (Figure 7.6). A longer hypoxic exposure may have elicited a greater magnitude of heat shock
protein mRNA responses, especially for participants in CON who demonstrated no increase in Hsp72 mRNA.
This prolonged protocol may have also further enhanced observable differences in Hsp72 mRNA before and
after HA. Maintenance of increased Hsp90α in HYP2 may relate to the a specific role of the protein within
recovery and adaptation to cellular stress i.e. control of cellular signalling cascades (Taipale et al. 2010),
recovery of global protein synthesis (Duncan 2005), and coordination of cellular repair (Erlejman et al. 2014).
Hence continued gene transcription may be required. Relative exercise intensity, which is known to change
under different environmental conditions, effects the metabolic strain and molecular responses (Beckmann et al.
1992; Lamprecht et al. 2009). Accumulation of Hsp72 and Hsp90 protein occurs with HA (McClung et al. 2008)
however basal Hsp90α has been demonstrated as lower than Hsp72 (McClung et al. 2008). Within HYP1/HYP2,
the metabolic strain likely induced protein denaturation activating the heat shock protein response via heat shock
factor-1, however it is plausible that basal Hsp72 was sufficient to cope with the hypoxic stress post HA
(Beckmann et al. 1992), thus transcription was mitigated, however basal Hsp90α protein remained lower than
necessary thus HYP2 induced further mRNA transcription to a similar extent as observed in HYP1. As
previously observed (Tuttle et al. 2015), the current study cannot suggest that our intervention can translate the
mRNA signal into Hsp72 and Hsp90α mediated thermotolerance or hypoxic cross tolerance within leukocytes
(Horowitz 2014), because increased mRNA expression is not necessarily reflective of functional steady state
basal protein content which may or may not be the most important component for observing cross tolerance
(Vissing et al. 2009). Though it is unknown whether HA induced Hsp72 and Hsp90α protein accumulation, it
has previously been stated that observed mRNA increases provides an indication that the heat shock response
has been activated, potentiating protein translation (Tuttle et al. 2015).

7.5.4

Practical applications

The present data suggest the existence of pathways for transferring adaptations to heat acclimation to other
environments (varying temperature/oxygen availability), although future experiments should determine whether
the attenuated responses are specific to thermal stimuli alone, or the combined exercise-heat stress training
stimuli that our intervention applied. With likely increases in aerobic capacity (Lorenzo et al. 2010), the absolute
workload model, implemented may have also elicited different responses than a relative intensity model based
on post acclimation aerobic capacity, thus this is a limitation of the experiment which should be considered
relevant to future research in the area. Data pertaining to cross acclimation within this experiment are clear,
particularly when cardiovascular stress compromises the individual in a particular environment (White et al.
2014; Ely et al. 2014). The true thermal adaptation might be of greater relevance with regards to the heat shock
protein response which is known as responsive to different relative exercise intensities (Beckmann et al. 1992;
Lamprecht et al. 2009). Whilst it is known athletes may use heat acclimation interventions to attenuate
reductions in performance in hot, humid conditions (Lorenzo et al. 2010) and potentially improve performance in
cooler/temperate conditions (Lorenzo et al. 2010; Corbett et al. 2014b), it appears increased BV resulting from
PV expansion improves physiological responses to moderate intensity exercise in conditions of reduced O2
availability. This is a novel finding and one with a strong application given the more efficient procurement of
heat adaptations in comparison to hypoxic adaptations. Occupational workers, including the military may benefit
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from the implementation of isothermic heat acclimation prior to deployment in high altitude locations,
particularly if the work to be performed is of a moderate relative intensity.

7.5.5

Future directions

Our data provides evidence for the efficacy of the cross acclimation model, with the prolonged HA period likely
to elicit a greater gain in net intracellular Hsp72 and Hsp90α protein than previously observed (Lee et al. 2014b).
The benefits of increased intracellular Hsp72 and Hsp90α have been recently reviewed (Ely et al. 2014), briefly
Hsp72 is known to maintain epithelial barrier integrity (Jensen et al. 2003), and may contribute to the reduced
prevalence of heat injury following heat acclimation (Hotchkiss et al. 1993). Intracellular Hsp72 accumulation is
also known to suppress inflammatory cytokine production affording systemic protection to exercise stress
(Moseley 1997; Amorim et al. 2011), and partially contributes to both the baroreflex thus regulating blood
distribution (Li et al. 2001), and the synaptic transmission to modulate respiration (Kelty et al. 2002), both of
which are fundamental under heat/hypoxic stress warranting future heat acclimation derived investigation.
Hsp90 may have a functional role in aiding plasma volume expansion via regulation of steroid hormone
receptors (Bohen and Yamamoto 1993), notably mineralcorticoid receptors in the kidneys and sweat glands
limiting sodium losses (Ely et al. 2014). Additionally, Hsp90 has been evidenced as a co-factor in production of
endothelial nitric oxide synthase (Brouet et al. 2001), potentiating the enhancement of effective vasodilation and
blood distribution during heat and hypoxic stress following heat acclimation. Additional to their independent
roles, Hsp72 and Hsp90α increase the molecular stability of HIF-1α (Ely et al. 2014). Enhanced HIF-1α function
maintains “downstream” effects particularly pertinent to hypoxia where O2 availability is diminished, such as
erythropoiesis (Semenza and Wang 1992) and angiogenesis (Pugh and Ratcliffe 2003). The implication of the
potential HA inducement of changes in Hsp72 and Hsp90α are therefore, warranted with cross tolerance
confirmed by measuring HSP72 and HSP90a protein pre and post HA and then applying hypoxic shock/stress
within ex vivo and in vivo models. Further research is required to determine the benefits of cross acclimation and
cross tolerance across a spectrum of simulated and actual altitudes and workloads within those environments.
Data should investigate different work prescription and modality, including performance trials to evidence
beneficial adaptive pathways for competitive athletes and occupational and military personal.

7.6 CONCLUSION
Heat acclimation is an effective intervention for reducing physiological strain associated with acute normobaric
hypoxia, primarily through heat acclimation derived PV expansion improving cardiovascular efficiency which
reaffirms a cross acclimation mechanism. Normothermic training failed to reduce physiological strain or alter the
Hsp72 and Hsp90α mRNA response to hypoxia. The Hsp72 mRNA increase pre HA was attenuated following
acute normobaric hypoxia following heat acclimation, giving efficacy to cross tolerance pathways at a
cellular/molecular level, however no changes in Hsp90α mRNA were observed. These data suggest
hyperthermia

as

viable

potentiating

stimuli

for

the

cross

adaptive

mechanisms.
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8 GENERAL DISCUSSION
This general discussion will briefly summarise the principle findings of each experimental study chapter and the
collective findings from the thesis relating to the implementation of heat acclimation as an intervention to
alleviate the negative effects on resting and exercising physiology in hypoxia. The general discussion will then
consider the practical applications and future research questions arising from the data presented in the
experimental chapters.

8.1 PRINCIPLE FINDINGS
Experimental study 1 identified that during acute exercise-heat stress a minimum endogenous criteria contributes
to the multifactorial release of eHSP72 into the circulation during acute exercise-heat stress, a pathway that may
differ from pathological stress resulting in systemic inflammation. The data from experimental chapter one
observed the endogenous requirement for release as being a core temperature peak of 39.2°C and a mean of
38.6°C for a period of 56.5 min alongside mean heart rates of 153 ± 14 b.min1, following a core temperature rate
of increase of 1.6°C.hr-1 and absolute change of 2.2°C from baseline. This study informed that very hot and
humid external conditions (40 °C and 40% R.H.) were most effective at initiating a cellular response to heat
stress, with the most rapid increase in core temperature occurring in this environment. As such this external
condition was used for the forthcoming heat acclimation protocols in spite of the large body of previous heat
acclimation research originating in conditions of lower heat stress specific to a geographical location.
Experimental study 2 tested the implementation of an isothermic heat acclimation model which required a
greater exercise intensity during the early stages of each exposure. This ensured a more rapid and consequently,
greater change in core temperature, followed by a reduction in workload once a desired temperature has been
achieved against a widely established traditional fixed intensity heat acclimation protocol. The isothermic model
targeted specific core temperatures, 38.5°C and 39.0°C, rather than core temperature being an uncontrolled
response with intra- and inter-participant variation, consequently reducing with repeated exposure as adaptation
occurs in fixed intensity heat acclimation. Whilst heat acclimation adaptations were evidenced following all
methods the physiological and thermoregulatory data identified that endogenous strain was more consistently
sustained using an isothermic protocol in comparison with fixed, and that during the early phases of acclimation
the greater strain was not as a result of increased work done, rather work done was matched between methods.
Equal work, for a reduction in the mean intensity of each session was also performed during LTHA periods in
isothermic, compared to fixed intensity heat acclimation, with all conditions and time scales for acclimation
eliciting similar heat tolerance. Other findings from the study indicated that using a progressive isothermic
method offered no additional physiological or thermoregulatory adaptation in comparison to the fixed method.
Based upon equal adaptations, but a greater efficiency of the continuous (38.5°C) isothermic protocol in
comparison with the fixed and progressive isothermic method, this was suggested as the heat acclimation method
most likely to deliver optimal phenotypic adaptations in the forthcoming research studies.

Experimental study 3 was in agreement with the physiological and thermoregulatory data of experimental study
2, the Hsp72 mRNA responses to the three heat acclimation methods demonstrated that isothermic methods
sustained the cellular stress response throughout heat acclimation to the greatest extent. If cellular adaptations
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are important mechanisms to augment heat-hypoxic cross tolerance then the sustained stress will be fundamental
to achieving the greatest acquired cellular thermotolerance. As such, a long term isothermic (core temperature
target 38.5 °C) protocol was selected for future research into the efficacy of heat acclimation as an intervention
to alleviate the negative effects on resting and exercising physiology in simulated altitude (hypoxia).
Experimental study 4 (chapter 7 (Gibson et al. 2015d)) implemented the continuous isothermic heat acclimation
method identified as optimal during experiment 2 and 3 (chapters 5 and 6). This method was tested against an
exercise training control where typical training parameters were effectively matched between groups, with the
environmental conditions the only difference between regimens. Prior to commencing training, both groups
performed a baseline hypoxic trial consisting of rest, and exercise at low-moderate and then moderate-high
intensity domains where physiological strain and the cellular stress response were quantified using established
techniques. Heat acclimation induced known adaptations – reduced core temperature, increased plasma volume,
and improved sweat responses. No such changes were observed within the exercise training control group. It was
additionally observed that heat acclimation increased both Hsp72 and Hsp90α mRNA on the first and last day,
thus giving potential for increased basal Hsp72 and Hsp90α, two important components of cellular
thermotolerance and potentially cross tolerance. Again this was not observed in the exercise training control
group. The post intervention hypoxic tests demonstrated no differences following the exercise training, however
increased blood plasma, and a reduction in temperature combined to improve the cardiovascular responses
following heat acclimation. Additionally, the previously observed increases in Hsp72 mRNA in hypoxia did not
occur following heat acclimation. Accordingly, the conclusion was made that the thermal stimuli of heat
acclimation induces physiological and potentially cellular adaptations which translate to hypoxia.

8.2 ISSUES ARISING FROM THE STUDIES
The initial aim of this thesis was to determine the optimal administration of heat acclimation. The optimisation
of heat acclimation considered both administrative elements i.e. exercise demands, intensity, and durations, and
adaptive physiological elements, notably changes in heat storage and cardiovascular responses. The
physiological adaptive elements were deemed the most pertinent for this thesis, with administrative elements
more important for the application of the methods to specific populations. Examples of this being athletic
populations who would favour a rapid individualised method in comparison to military or occupational who may
require the sacrifice of individualisation in order to simplify the method for adaptation to ensure efficacy for
larger cohorts. Once an optimal administration had been conceived, this optimised method was applied to
determine the effectiveness of heat acclimation at reducing the physiological strain and cellular stress response to
acute normobaric hypoxia.

8.2.1

Optimal environmental conditions for heat acclimation

With the intention of isothermic heat acclimation being to induce the most rapid rise in core temperature to
stimulate increased cardiovascular stress and sudomotor function for heat dissipation, it remains the case that
uncompensable conditions of exercise-heat stress are most effective. Given the moderately trained participants
tested in this thesis commenced isothermic heat acclimation at 65%VO2peak (Hprod mean = 9.3 W.kg-1; range 6.3 –
12.1 W.kg-1. Power mean = 2.5 W.kg-1; range 1.9 – 3.9 W.kg-1), then the exercise heat stress imposed upon them
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is uncompensable in the implemented external environmental conditions (40°C 40% RH) (Cheung et al. 2000;
Sawka et al. 2001; McLellan 2001). This combination of endogenous workloads and exogenous heat stress,
previously described as “hot – dry” (Backx et al. 2000), was successful at inducing established phenotypic heat
acclimation adaptations within this thesis. Since the absolute exogneous temperature implemented (40°C) is
greater than that of the body throughout acclimation (37.0°C – 38.5°C or 39.0°C), in accordance with the heat
balance equation (Equation 2.1 The Heat Balance Equation (Parsons 2014)), convective and conductive
increases in heat storage would occur. A proposed modification arising from this thesis would be to alter
negatively the rate of evaporative heat dissipation achievable at the given MHP, i.e. increase heat storage.
Increasing the relative humidity of the ambient conditions, would inhibit heat loss via evaporation to a greater
extent. Thus, heat acclimation could be performed in a “hot – wet” environment in comparison to a “hot – dry”
environment. Previous research has identified that when matched for relative heat stress via WBGT, no
difference exists in performance, or acute physiological responses to exercise in “hot – dry” vs. “hot – wet”
environments (Hayes et al. 2014). This is also true of adaptation to heat acclimation between “hot – dry” and
“hot – wet” environments (Griefahn 1997), however the goal would not be to match successfully for relative heat
stress, rather it is to increase the relative heat stress for a given temperature. To maximise adaptation, increases
in the relative humidity, at the same absolute temperature would increase relative heat stress.

It has been observed that under fixed workloads (70% VO2peak) and absolute temperature (30.2 ± 0.2 °C), cycling
time to exhaustion is reduced with increasing relative humidity (24% RH = 68 ± 19 min; 40% RH = 60 ± 17min;
60% RH = 54 ± 17 min; and 80% RH = 46 ± 14 min) (Maughan et al. 2012). The cessation of exercise occurred
at the same core temperature (39.0 ± 0.3°C at 24, 40, and 60% RH and 39.1 ± 0.3°C at 80% RH) highlighting the
effectiveness of elevated humidity in the earlier attainment of a target core temperature. The mechanism for the
accelerated increase in core temperature, and decrease in exercise capacity was clearly identified as being a
result of the increased relative heat stress of each condition (24% = 20.9°C WBGT; 40% = 23.0°C WBGT; 60%
= 25.8°C WBGT; 80% = 27.9°C WBGT). Data from the experimental trials observed that despite no difference
in total sweat loss occured between trials, the sweating rate was higher at 60 and 80% RH than at 24% RH
providing a more potent stimuli for sudomotor adaptations. During each experimental trial blood volume and
plasma volume decreased as hypohydration occurred over time, with a trend observed for the greatest change in
plasma volume with increased relative humidity (24% RH = 12.9 ± 2.8 %; 40% RH = 12.5 ± 2.0%; 60% RH =
13.1 ± 2.8 %; and 80% RH = 13.4 ± 3.0 %). This again highlights the greater potentiating stimuli for plasma
volume, and consequently heart rate adaptations (Convertino 1983) with increased humidity at the same absolute
temperate (Maughan et al. 2012).
Given passive heat stress following exercise is required of isothermic heat acclimation, and increased relative
heat stress can be effectively derived from increasing absolute temperature in the present experiments (Figure
4.1 ~40°C), it can be proposed that without fluid consumption (permissive dehydration) the rate of plasma
volume expansion is likely to be greater in conditions of 60% or 80% RH than the experimentally imposed 40%
RH. These more humid exogneous conditions would be more favourable, further optimising isothermic heat
acclimation by increasing the adaptive response to a given dose, or by reducing the exercise requirement to
achieve the same magnitude of adaption. Clearly this flaws any legitimate experimental comparisons between
relative humidity conditions due to differences in WBGT at 40°C (24% = 28.8°C WBGT; 40% = 31.6°C
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WBGT; 60% = 35.1°C WBGT; 80% = 37.6°C WBGT), however from an applied perspective this strategy is
entirely favourable.

8.2.2

Optimal number of sessions for heat acclimation

To determine the optimal number of sessions required to induce adaption in resting rectal temperature, resting
heart rate and sweat losses, data from the isothermic groups (ISOCONT and ISOPROG, and HA) were pooled to give
a greater statistical power to the brief analysis given to this topic presented in Chapter 5 (Gibson et al. 2015b)
and Chapter 6 (Gibson et al. 2015a).
Analysis of the grouped isothermic sessions highlights that the expected decrease in the measured rectal
temperature occurred overall 4 (Figure 8.1 (bottom); f = 4.532, p < 0.001, np2 = 0.165), with the minimum
number of sessions to achieve a statistically significant reduction being five completions i.e. rectal temperature
was reduced prior to the start of session 6. The absence of a significant change in sessions 7 and 8, perhaps
suggests a more conservative timescale to mitigate some of the individual variability in the induced adaptation
might be eight completed sessions. The calculated absolute change in rectal temperature (Figure 8.1 (middle); f =
7.793, p < 0.001, np2 = 0.253) observed that within a single session a reduction was observed, however this is
likely an artefact of the comparisons made within the statistical analysis to a zero change after session one as no
differences in the change occurred following session two onwards. This concept is supported by the analysis of
the session by session change in core temperature (Figure 8.1 (top); f = 0.841, p < 0.579, np2 = 0.035) which
observed no difference in the rate of temperature decrease, rather a linear relationship occurs whereby a mean 0.04°C daily reduction is evidenced, with no difference at any session by session point (Table 8.1). This pooled
analysis suggests that the minimum number of completed isothermic (38.5°C) sessions required to induced a
significant reduction in core temperature is five a figure reducing previously established requirements by two
sessions (Périard et al. 2015).

4

One way repeated measures ANOVA was implemented for the analyses of the absolute, change from baseline and change from previous

day in rectal temperature, heart rate, and sweat losses within this section (8.2.2 Optimal number of sessions for heat acclimation). Bonferroni
post hoc comparisons were made to determine where statistical differences existed within the analysis.
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Figure 8.1 Resting rectal temperature (bottom), change in rectal temperature from day 1 (middle) and change in
rectal temperature from previous day (top) during all isothermic heat acclimation data within this thesis (n = 24).
* denotes difference from session 1.
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Table 8.1 Resting rectal temperature (bottom), change in rectal temperature from day 1 (middle) and change in
rectal temperature from previous day (top) during all isothermic heat acclimation data within this thesis (n = 24).
* denotes difference from session 1.
Session
1

Session
2

Session
3

Session
4

Session
5

Session
6

Session
7

Session
8

Session
9

Session
10

Mean Trec

36.98

36.85

36.88

36.83

36.85

36.84

36.82

36.78

36.73

36.65

SD

0.25

0.34

0.37

0.33

0.23

0.33

0.27

0.34

0.29

0.30

P - value

n/a

0.591

1.000

0.364

0.877

0.046

0.145

0.090

0.001

0.002

Mean ∆ Trec
from
Session 1

0.00

-0.27

-0.24

-0.29

-0.27

-0.28

-0.30

-0.34

-0.39

-0.47

SD

0.00

0.34

0.37

0.33

0.23

0.33

0.27

0.34

0.29

0.30

P - value

n/a

0.042

0.173

0.012

0.000

0.016

0.001

0.003

0.000

0.000

Mean ∆ Trec
from
previous session

0.00

-0.13

0.03

-0.05

0.03

-0.02

-0.01

-0.04

-0.05

-0.08

SD

0.00

0.24

0.22

0.24

0.27

0.28

0.31

0.30

0.22

0.28

P - value

n/a

0.591

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

As observed for rectal temperature, a reduction in resting heart rate occurred prior to the end of LTHA (Figure
8.2 (bottom); f = 6.643, p < 0.001 np2 = 0.224), with the minimum number of sessions to achieve a statistically
significant reduction also being four completions. The absence of a significant change until prior to sessions 8,
also suggests a more conservative timescale to mitigate some of the individual variability in the induced
adaptation might be eight completed sessions as observed with rectal temperature. Some caution should be
offered when interpreting the heart rate data, the resting values for acclimation sessions 2, 3, 4, 6, 7, 8 and 9 were
collected at slightly different times of day in comparison to sessions 1, 5 and 10 which were consistent.
Additionally, the resting heart rate was recorded after ~ 5 min of seated rest in the laboratory on those days,
rather than the extended period of 20 mins prior to commencing sessions 1, 5 and 10. This is likely to have
affected the reliability of the measurement of the resting heart rate on those respective days (Figure 8.2). The
calculated absolute change in heart rate (Figure 8.2 (middle); f = 4.369, p < 0.001, np2 = 0.160) observed that
within a single session a reduction was observed, however this is likely an artefact of the comparisons made
within the statistical analysis to a zero change after session one as no differences in the change occurred
following session two onwards as described in relation to rectal temperature. This concept is supported by the
analysis of the session by session change in heart rate (Figure 8.2 (top); f = 1.732, p < 0.084, np2 = 0.070), which
observed no difference in the rate of temperature decrease. Rather, a linear relationship occurs whereby a mean 1.4 b.min-1 daily reduction is evidenced, with no difference at any session by session point (Table 8.2). This
pooled analysis suggests that the minimum number of completed isothermic (38.5°C) sessions required to
induced a significant reduction in heart rate is four, a figure in line with previously established requirements
(Périard et al. 2015).
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Figure 8.2 Resting heart rate (bottom), change in heart rate from day 1 (middle) and change in heart rate from
previous day (top) during all isothermic heat acclimation data within this thesis (n = 24). * denotes difference
from session 1.
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Table 8.2 Resting heart rate (bottom), change in heart rate from day 1 (middle) and change in heart rate from
previous day (top) during all isothermic heat acclimation data within this thesis (n = 24). * denotes difference
from session 1.
Session
1

Session
2

Session
3

Session
4

Session
5

Session
6

Session
7

Session
8

Session
9

Session
10

Mean HR

75

72

70

72

68

69

69

67

67

62

SD

12

10

9

11

9

9

10

9

8

9

P - value

n/a

1.000

0.178

1.000

0.029

0.053

0.637

0.039

0.012

0.001

Mean ∆HR
Session 1

-

4

2

4

0

1

1

-1

-1

-6

SD

-

10

9

11

9

9

10

9

8

9

P - value

n/a

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

0.166

Mean ∆HR
previous
session

-

-3

-1

1

-4

1

0

-2

0

-5

SD

-

8

8

10

10

6

6

7

6

8

P - value

n/a

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

0.476

Interpretation of the sweat loss data is similar to that of the rectal temperature and heart rate, whereby no session
by session increase in the rate of adaptation exists. This can be evidenced by the total change in sweat loss data
from session 1 differing overall (Figure 8.3 (middle); f = 12.922, p < 0.001 np2 = 0.360) and from session one,
but with no difference between any other sessions, in accordance with the day on day change in sweat loss
(Figure 8.3 (top); f = 0.818, p < 0.600, np2 = 0.034) which increased by 0.1 %.bodymass-1 daily. The most
noteworthy observation was not that the change in sweat losses increased overall (Figure 8.3 (bottom); f = 7.500,
p < 0.001, np2 = 0.246), but that a significant increase in sweat loss was observed after just the third session and
maintained thereafter. Previously it has been observed that the increased sweat losses are a result of long term
heat acclimation (Armstrong and Maresh 1991) with the extended duration believed to be a requirement to
facilitate the development of central and peripheral adaptations to the sudomotor system. Given the protocol
implemented, and the participants tested, it appears that this is not certain to be the case and that a rapid
adaptation to facilitate heat loss via sweat evaporation can be augmented. This pooled analysis suggests that the
minimum number of completed isothermic (38.5°C) sessions required to induce a significant increase in sweat
loss is three (Table 8.3). This is a significant reduction on the established duration required for sudomotor
adaptation (>7 days; (Cotter et al. 1997; Périard et al. 2015). This observation perhaps highlights that further
research is required to fully determine the time course of sudomotor adaptations, particularly given the
advancements in the administration of heat acclimation via isothermic methods.
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Figure 8.3 Sessional sweat losses (bottom), change in sessional sweat losses from day 1 (middle) and change in
sessional sweat losses previous day (top) during all isothermic heat acclimation data within this thesis (n = 24). *
denotes difference from session 1.
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Table 8.3 Sessional sweat losses (bottom), change in sessional sweat losses from day 1 (middle) and change in
sessional sweat losses previous day (top) during all isothermic heat acclimation data within this thesis (n = 24). *
denotes difference from session 1.
Session
1

Session
2

Session
3

Session
4

Session
5

Session
6

Session
7

Session
8

Session
9

Session
10

Mean SL

2.13

2.40

2.59

2.64

2.57

2.64

2.79

2.96

2.86

2.96

SD

0.44

0.88

0.76

0.89

0.67

0.83

0.78

0.76

0.67

0.96

P - value

n/a

1.000

0.010

0.042

0.020

0.047

0.002

0.000

0.000

0.000

Mean ∆SL
from
Session 1

-

0.67

0.86

0.91

0.84

0.91

1.06

1.23

1.13

1.23

SD

-

0.88

0.76

0.89

0.67

0.83

0.78

0.76

0.67

0.96

P - value

n/a

0.050

0.001

0.002

0.000

0.001

0.000

0.000

0.000

0.000

Mean ∆SL
from
previous
session

-

0.27

0.19

0.05

-0.08

0.07

0.15

0.17

-0.11

0.10

SD

-

0.69

0.53

0.67

0.65

0.53

0.74

0.69

0.56

0.75

P - value

n/a

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

A summary of the pooled analysis of all the 38.5°C isothermic groups is in support of the notion that rapid heat
acclimated phenotypic adaptations can be attained within the lower boundaries of short term (< 5 sessions) time
scales previously observed (Pandolf 1998).

8.2.3

Optimal session duration for heat acclimation

This thesis adds little to that which is currently known regarding the optimal session duration for heat
acclimation. The seminal data identifying 90 – 100 minutes as appropriate (Fox et al. 1963), is still appropriate
as widely implemented across both isothermic and fixed intensity heat acclimation methods (Sawka et al. 1983a;
Sawka et al. 1983b; McClung et al. 2008; Chinevere et al. 2008; Cheuvront et al. 2008; Lorenzo et al. 2010;
Lorenzo and Minson 2010; Amorim et al. 2011), this can be stated given the effective attainment in typical
phenotypic responses (reduced heart rate, reduced core temperature, increased sweat loss) using this timescale.
Nevertheless, the thesis has further strengthened the notion that following a short bout of exercise (30 – 45 min
within a 90 min session), passive rest/low intensity exercise in hot, humid conditions (60 – 45 min within a 90
min session) i.e. isothermic heat acclimation (Patterson et al. 2004b; Machado-Moreira et al. 2006; Garrett et al.
2009; Magalhães et al. 2010b; Magalhães et al. 2010a; Hom et al. 2012; Garrett et al. 2012; Castle et al. 2012;
Garrett et al. 2014; Patterson et al. 2014), still facilitates as effective adaptation as continual exercise for a
similar duration session (Houmard et al. 1990; Nielsen et al. 1993; Nielsen et al. 1997; Cheung and McLellan
1998; Kresfelder et al. 2006; Marshall et al. 2007; Yamada et al. 2007; Watkins et al. 2008; Sandström et al.
2008; Lorenzo et al. 2010; Lorenzo and Minson 2010; Amorim et al. 2011; Castle et al. 2011). This isothermic
heat acclimation is proposed to be optimal for athletes where heat acclimation is likely to be an intervention
implemented close to competition where high initial work intensities similar to “race pace/intensity” are
subsequently balanced by increased rest periods to give a reduction in the average intensity of the session in
comparison to the widely used fixed intensity heat acclimation models (Chapter 5). The isothermic method is
somewhat congruous with typical training regimes and the requirements for a reduced training load to optimise
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performance prior to competition (Aoyagi et al. 1997; Mujika et al. 2004; Spilsbury et al. 2014). Discussion
towards the method for achieving the optimal workload prescription for this balance between active and passive
heat acclimation follows (8.2.4 Optimal workload prescription for heat acclimation).

8.2.4

Optimal workload prescription for heat acclimation

Whilst the administration of the isothermic protocols within this thesis was optimal in comparison to fixed
intensity methods, both experimental chapters 5 and 6 observed that further refinements could be made to
improve their application i.e. minimise exercise durations and maximise thermal strain. As increasing the
magnitude of the thermal strain from 38.5°C to 39.0°C is not conducive to improved adaptation, this examined
area for optimisation involves maximising the duration where core temperature, the fundamental potentiating
stimuli for adaptation (Regan et al. 1996), is above the threshold of 38.5°C (Fox et al. 1963). The seminal work
of Fox (Fox et al. 1963) remains the benchmark for effective isothermic heat acclimation methods. Within the
paper, a 90 minute protocol was divided into two phases, a 30 minute active period of heating until core
temperature reached the optimal of 38.5°C, followed by 60 minutes of maintenance at this level of thermal strain
by water perfusion. Analysis of the data from chapters 5, 6, and 7, identified that in isothermic groups, the mean
duration of the first bout of exercise (i.e. duration to surpass 38.5°C) was 47.2 ± 12.6 min and 37.5 ± 5.4 min
respectively. The large difference between groups, despite implementing an equal relative workload (65%
VO2peak) is of concern, as is the excessive durations of work, both elements demonstrating inefficiency of the
method used to prescribe workloads for isothermic heat acclimation. As stated in section 5.5, in chapter 7 the
faster attainment of 38.5°C is likely a result of greater external power production and consequently Hprod or MHP
of the “fitter” participants used in that study. Acknowledgement of this perhaps suggests a method by which the
prescription of isothermic can be refined - a reduction the relative variability. To date a number of different
methods of modulating the exercise component of exercise-heat stress for the purposes of heat acclimation have
been implemented, with prescription based upon relative percentages of VO2peak (Lorenzo et al. 2010; Périard et
al. 2012b), power (Garrett et al. 2012), percentage of peak power (Patterson et al. 2004a), and subjective ratings
of perceived exertion and/or thermal sensation (Schlader et al. 2011b) utilised. Interestingly, Hprod or MHP, the
truest biophysical measurement of heat gain has not been used to prescribe heat acclimation, despite the
effectiveness in this method for controlling changes in core temperature within acute exposures (Jay et al. 2011;
Bain et al. 2012; Cramer and Jay 2014; Smoljanic et al. 2014; Ravanelli et al. 2015).

Following completion of data collection within this thesis, a retrospective analysis was performed to determine
the relationship between the rate of Trec (°C.hr-1) increase during the first 30 minutes of the first heat acclimation
session, and the mean VO2peak (%) participants had been working at. A total of 54 individual trials were included
in the analysis, incorporating data obtained from exercise-heat stress across all experimental chapters, including
participants who did not complete the full experiment, and pilot data. The first 30 minutes of each session were
analysed to reflect the desirable exercise duration of an isothermic heat acclimation session. Additionally,
alternative prescriptive variables mean data of relative power (W.kg-1), relative MHP (W.kg-1), relative Hprod
(W.kg-1), Hprod relative to body surface area (W.m2), percentage of peak power (%), percentage of age predicted
maximum HR (%), RPE, and TSS were retrospectively calculated from the raw data and the correlated to the
rate of Trec increase (°C.hr-1), see Figure 8.4.
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Figure 8.4 Relationships between rate of Trec increase and relative power (A; W.kg-1), relative MHP (B; W.kg-1),
MHP relative to body surface area (C; W.m2), percentage of peak power (D; %max), relative Hprod (E; W.kg-1),
Hprod relative to body surface area (F; W.m2), RPE (G), mean VO2peak (H; %max), percentage of age predicted
maximum HR (I; %), and TSS (J). (n = 54).
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Interestingly, all variables demonstrated significant (p < 0.05) relationships5 with the rate of change in Trec in
ranked order as follows: power (r2 = 0.58; 2.1 ± 0.1 [95%CI 2.0 – 2.3] W.kg-1), MHP (r2 = 0.50; 10.8 ± 2.7 [10.1
– 11.6] W.kg-1), MHP/BSA (r2 = 0.46; 419 ± 97 [392 – 445] W.m-2), power (r2 = 0.46; 51 ± 12 [47 – 54] %max),
Hprod (r2 = 0.43; 8.7 ± 2.1 [8.1 – 9.3] W.kg-1), Hprod/BSA (r2 = 0.39; 336 ± 77 [315 – 357] W.m-2), RPE (r2 = 0.33;
14 ± 2 [14 – 15]), V̇ O2 (r2 = 0.31; 50.8 ± 10.5 [56 – 60] %peak), HR (r2 = 0.28; 83 ± 10 [80 – 85] %max), and TSS
(r2 = 0.10; 6.3 ± 0.6 [6.1 – 6.4]). It should be noted that the spread of data, thus relationship for %V̇ O2peak may
have been influenced by the experimental artefact of having fixed starting intensities, notably at 50% and 65%
V̇ O2peak (see Figure 8.4-H). Following the identification of significant relationships for all parameters, albeit with
different variability in the correlations, the linear relationships were plotted with linear regression subsequently
used to determine the targeted prescription required to increase Trec by 1.5°C (i.e. from 37.0°C during rest
(Taylor et al. 2014b), to 38.5°C during the active element of isothermic heat acclimation (Fox et al. 1963)).
Based upon the above parameters, workload prescription to attain a +1.5°C change Trec are as follows: power =
2.7 W.kg-1, MHP = = 12.9 W.kg-1, MHP/BSA = 518 W.m-2, power = 64 %max, Hprod = 10.9 W.kg-1, Hprod/BSA =
422 W.m-2, RPE = 17, HR = 95 %max, V̇ O2 = 68 %peak, and TS = 8.

The data obtained for %V O2peak in this retrospective analysis is broadly in agreement with the prescribed
intensity from experimental chapters 5, 6 and 7 i.e. 68% vs. 65% VO2peak respectively. The mean duration to
target 38.5°C in those chapters was 42.4 min, giving confidence in both the model, and the methods
implemented within those experiments. The greater variability utilising this method as opposed to prescribing
isothermic heat acclimation intensity utilising power or Hprod which have the strongest relationship with the rate
of change in Trec highlights that prescribing workload based upon VO2peak is apparently less effective than these
parameters. From an applied perspective, where time is constrained and the requirement for a pre heat
acclimation V O2peak/max test also further reduces the usefulness of the % V O2peak method. Prescribing heat
acclimation workloads utilising power (W.kg-1 or %max), or Hprod (W.kg-1 or W.m-2) demonstrates least variability
of the methods tested and is therefore preferable, the former presenting the least logistical considerations, the
latter most effective when real time VO2 (and RER) is measured (Cramer and Jay 2014). The mechanism for
these being the optimal prescriptive measures is likely due to their direct relationship with the conceptual heat
balance equation (Equation 2.1 The Heat Balance Equation (Parsons 2014)), and their well-established link to
absolute VO2 which has been identified as the predominant component of MHP and Hprod. Other measures are
more variable based upon individual perceptual and physiological states which are differentially augmented in
the heat. Additionally, physiological responses to exercise intensity within different domains are variable
between individuals, this is particularly pertinent at 65% VO2peak due to the close proximity of this intensity to
the anaerobic threshold as ability to tolerate exercise at or around this threshold will show greater interparticipant variation (Davis et al. 1976; Withers et al. 1981).

A potential explanation for the +3% difference in the actual vs predicted duration to 38.5°C utilising %VO2peak,
might be the difference between the hypothetical resting core temperature (37.0°C) and the actual resting core
temperature measured. The actual observed Trec on session one was observed as 36.98 ± 0.25 °C thus for the
5

Pearson product moment test of correlation was performed to calculate the relationship between each prescriptive variable and the rate of
change in Trec (°C.hr-1) occurring in each 30 minute session.
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mean of the participants at least, this was not the case. The idea of a varied requirement for determining a
spectrum of prescription based upon a physiological range of pre sessions core temperatures (36.5 – 37.5°C) and
accounting for a varied requirement in time to reach the target temperature, did however lead to further analysis6
whereby the linear regression equation was expanded to include a range of changes in temperature of +1.00°C to
+2.50°C in 0.25°C increments, and a time to achieve that target core temperature ranging from 20 – 45 min in 5
min increments, these data are presented for each workload parameter below (Table 8.4 – Table 8.13).

Table 8.4 Relative Power (W.kg-1) requirements to achieve incremental changes in Trec over incremental
durations
Time to target Trec (min)

+1.00°C

+1.25°C

+1.50°C

+1.75°C

+2.00°C

+2.25°C

+2.50°C

20

2.7

3.3

4.0

4.6

5.2

5.8

6.4

25

2.3

2.7

3.2

3.7

4.2

4.7

5.2

30

1.9

2.3

2.7

3.1

3.6

4.0

4.4

35

1.7

2.1

2.4

2.7

3.1

3.4

3.8

40

1.5

1.8

2.1

2.4

2.7

3.0

3.3

45

1.4

1.7

1.9

2.2

2.5

2.7

3.0

Table 8.5 Relative MHP (W.kg-1) requirements to achieve incremental changes in Trec over incremental
durations
Time to target Trec (min)

+1.00°C

+1.25°C

+1.50°C

+1.75°C

+2.00°C

+2.25°C

+2.50°C

20

12.9

15.5

18.1

20.7

23.2

25.8

28.4

25

10.8

12.9

14.9

17.0

19.1

21.2

23.2

30

9.4

11.1

12.9

14.6

16.3

18.1

19.8

35

8.4

9.9

11.4

12.9

14.4

15.8

17.3

40

7.7

9.0

10.3

11.6

12.9

14.2

15.5

45

7.1

8.3

9.4

10.6

11.7

12.9

14.0

Table 8.6 MHP/BSA (W.m2) requirements to achieve incremental changes in Trec over incremental durations

6

Time to target Trec (min)

+1.00°C

+1.25°C

+1.50°C

+1.75°C

+2.00°C

+2.25°C

+2.50°C

20

518

617

715

813

911

1009

1107

25

440

518

597

675

754

833

911

30

387

453

518

584

649

715

780

35

350

406

462

518

575

631

687

40

322

371

420

469

518

567

617

45

300

344

387

431

475

518

562

A reversal of the generated linear regression equation (Equation 3.9) was used for each workload parameter for this analysis.
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Table 8.7 Powermax (%) requirements to achieve incremental changes in Trec over incremental durations
Time to target Trec (min)

+1.00°C

+1.25°C

+1.50°C

+1.75°C

+2.00°C

+2.25°C

+2.50°C

20

64

76

88

100

112

125

137

25

54

64

74

83

93

103

112

30

48

56

64

72

80

88

96

35

43

50

57

64

71

78

85

40

40

46

52

58

64

70

76

45

37

42

48

53

59

64

69

Table 8.8 Relative Hprod (W.kg-1) requirements to achieve incremental changes in Trec over incremental durations
Time to target Trec (min)

+1.00°C

+1.25°C

+1.50°C

+1.75°C

+2.00°C

+2.25°C

+2.50°C

20

10.9

13.1

15.3

17.5

19.7

21.9

24.1

25

9.2

10.9

12.7

14.4

16.2

17.9

19.7

30

8.0

9.5

10.9

12.4

13.9

15.3

16.8

35

7.2

8.4

9.7

10.9

12.2

13.4

14.7

40

6.6

7.7

8.7

9.8

10.9

12.0

13.1

45

6.1

7.0

8.0

9.0

10.0

10.9

11.9

Table 8.9 Hprod/BSA (W.m2) requirements to achieve incremental changes in Trec over incremental durations
Time to target Trec (min)

+1.00°C

+1.25°C

+1.50°C

+1.75°C

+2.00°C

+2.25°C

+2.50°C

20

422

507

592

677

762

847

932

25

354

422

490

558

626

694

762

30

309

366

422

479

536

592

649

35

277

325

374

422

471

519

568

40

253

295

337

380

422

465

507

45

234

271

309

347

385

422

460

Table 8.10 VO2peak (%) requirements to achieve incremental changes in Trec over incremental durations
Time to target Trec (min)

+1.00°C

+1.25°C

+1.50°C

+1.75°C

+2.00°C

+2.25°C

+2.50°C

20

68

79

89

99

109

119

129

25

60

68

77

85

93

101

109

30

55

62

68

75

82

89

95

35

51

57

63

68

74

80

86

40

48

53

58

63

68

73

79

45

46

51

55

60

64

68

73
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Table 8.11 HRmax (%) requirements to achieve incremental changes in rectal temperature over fixed durations
Time to target Trec (min)

+1.00°C

+1.25°C

+1.50°C

+1.75°C

+2.00°C

+2.25°C

+2.50°C

20

95

108

120

133

145

158

170

25

85

95

105

115

125

135

145

30

79

87

95

104

112

120

129

35

74

81

88

95

102

110

117

40

70

77

83

89

95

102

108

45

68

73

79

84

90

95

101

Table 8.12 RPE requirements to achieve incremental changes in Trec over incremental durations
Time to target Trec (min)

+1.00°C

+1.25°C

+1.50°C

+1.75°C

+2.00°C

+2.25°C

+2.50°C

20

17

20

23

25

28

31

34

25

15

17

19

22

24

26

28

30

13

15

17

19

21

23

25

35

12

14

16

17

19

20

22

40

12

13

14

16

17

19

20

45

11

12

13

15

16

17

18

Table 8.13 TSS requirements to achieve incremental changes in Trec over incremental durations
Time to target Trec (min)

+1.00°C

+1.25°C

+1.50°C

+1.75°C

+2.00°C

+2.25°C

+2.50°C

20

7.6

8.9

10.1

11.4

12.6

13.9

15.1

25

6.6

7.6

8.6

9.6

10.6

11.6

12.6

30

6.0

6.8

7.6

8.5

9.3

10.1

11.0

35

5.5

6.2

6.9

7.6

8.3

9.1

9.8

40

5.1

5.8

6.4

7.0

7.6

8.3

8.9

45

4.9

5.4

6.0

6.5

7.1

7.6

8.2

Though the data used to predict Trec change was obtained in moderately trained individuals it appears that greater
workload intensity which is more achievable in well trained individuals (athletes) will elicit the greatest Trec
change, and is likely to therefore make the isothermic method more optimal for this population.
Future experiments should be directed towards testing this proposed model, and the implications of
implementing with tighter experimental controls which may reduce the variation/error associated with this type
of data collection and interpretation. It would also be pertinent to determine the difference in Trec between the
application of these workloads in conditions appropriate for heat acclimation (40°C/40% RH) in comparison to
temperate conditions (20°C/40% RH), and temperate conditions (20°C/40% RH) where participants have
evaporative heat loss inhibited.
A number of limitations exist within the retrospective analysis which when eliminated, might strengthen the
correlations and interpretations of some of the workload prescriptions. As MHP/Hprod is the predominate factor
leading to heat gain across a spectrum of exercise modalities and between anthropometrically different
individuals (Jay et al. 2011; Gagnon et al. 2013; Cramer and Jay 2014; Smoljanic et al. 2014), it appears counter
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intuitive that the external work precedes it in having less variability towards increasing core temperature. The
calculation of MHP within this analysis was not made based upon real time measurement of the variable (Cramer
and Jay 2014); as is possible using online gas analysis. The retrospective analysis is based upon a calculated
average metabolic heat production derived from a normothermic VO2peak test, thus error between the predicted
and actual metabolic heat production is likely. Even assuming that the MHP is correct at the onset of the 30 min
of exercise, it is likely that within the experimental trial duration, a drift in both VO2, and a change in substrate
utilisation (RER) occurred. Both of these elements will have contributed to the calculation of MHP. The drift in
VO2 also highlights potential error in the VO2peak prescription, which in the absence of real time measurements, is
likely to increase relatively to the baseline even if the workload remains constant due to fatigue. The
mechanisms underpinning this are likely the increased cutaneous blood flow in response to a prolonged period
exercising in the heat, a rightward shift in the oxyhaemoglobin saturation curve and cumulative fatigue
particularly prevalent in the moderate to high exercise intensity domain. Finally, none of the methods account for
evaporative heat loss. Evaporative requirement has previously been shown to be as effective as MHP for
ensuring equal comparisons of changes in Trec across unmatched groups (Cramer and Jay 2014). Measurement of
evaporative heat loss would therefore, appear to be another appropriate biophysical marker of heat acclimation
workload prescription. It has recently been observed that the potential for evaporative heat loss increases by
~11% with heat acclimation (Poirier et al. 2015). Increased evaporative heat loss, alongside reduced Trec and the
potential for improvements in cycle efficiency following the interaction of training and heat adaptation
(Jeukendrup et al. 1992; Hettinga et al. 2007), are mechanisms explaining the increase in duration to attain the
target core temperature 7 (f = 5.566, p < 0.001) with ongoing acclimation, notably the reduction in core
temperature (f = 3.313, p = 0.002, np2 = 0.195), see Figure 8.5.

Figure 8.5 Duration to achieve a Trec of 38.5°C during 10 heat acclimation sessions (bars) and resting Trec (line).
* denotes duration different from session 1. # denotes duration different from session 3. † denotes Trec different
from session 1.
7

One way repeated measures ANOVA was implemented for the analyses of daily change in resting Trec, and the duration to achieve a Trec of
38.5°C. Bonferroni post hoc comparisons were made to determine where statistical differences existed within the analysis.
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Notably, the analysis of the time to achieve the target Trec of 38.5°C, and the resting Trec for all participants
completing isothermic heat acclimation within chapters 5, 6, and 7 (Figure 8.5) demonstrates a significant
relationship8 (r = -0.45, r2 = 0.21, p = < 0.001) between these variables see Figure 8.6.

Figure 8.6 Relationship between the duration to achieve a rectal temperature of 38.5°C during 10 heat
acclimation sessions and resting rectal temperature in chapter 7 (note. N = 79. One data point removed due to
failure to meet Trec of 38.5°C).

The implications of these relationships between the changes in duration to achieve the target T rec of 38.5 °C and
resting Trec make manipulation of the workload prescription to maintain optimal active:passive relationships
possible. As the duration to attain the target change in Trec increases as acclimation occurs (~10 min every 5
days), the workload prescribed should/could be increased to maintain the same target duration. The magnitude of
the increase in workload can be calculated from the respective tables where the maximum reduction in core
temperature following 10 days of heat acclimation is ~0.5°C, thus the daily increase in workload parameters to
maintain a time to Trec of 30 min should be as follows; power = +0.08 W.kg-1, MHP = +0.3 W.kg-1, MHP/BSA =
+13.1 W.m-2, power = +1.2 %max, Hprod = +0.3 W.kg-1, Hprod/BSA = +11.3 W.m-2, RPE = +0.4, HR = +1.6 %max,
V̇O2 = +1.4 %peak, and TSS = +0.16. Clearly a number of these fall outside of the likely administrable
denomination, as such the revisions to the workload prescription may be more appropriately made after 3 or 5
sessions, rather than on a session by session basis.

8

Pearson product moment test of correlation was performed to calculate the relationship duration to achieve the target Trec of 38.5 °C and
resting Trec within each isothermic heat acclimation session
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8.3 EFFECTIVENESS OF ADAPTATION
Whilst statistically significant changes occurred throughout each of the acclimation bouts within this thesis,
different magnitudes of adaptation were observed for key heat acclimation markers across all experimental
chapters (Table 8.14).

Table 8.14 Summary of changes to Trec, HR and PV following long term isothermic heat acclimation within the
experimental chapters of this thesis

Core Temperature (°C)

Heart Rate (b.min-1)

Plasma Volume (%)

Absolute Change
(units)

Rate of Change
(∆.hr-1)

Ch 2 & 3 - ISOCONT

-0.40 ± 0.13

-0.04 ± 0.01

Ch 2 & 3 – ISOPROG*

-0.20 ± 0.07

-0.02 ± 0.01

Ch 4 - HA

-0.49 ± 0.07

-0.05 ± 0.01

Ch 2 & 3 - ISOCONT

-9 ± 5

-0.9 ± 0.5

Ch 2 & 3 – ISOPROG

-7 ± 2

-0.7 ± 0.2

Ch 4 - HA

-18 ± 7

-1.8 ± 0.7

Ch 2 & 3 - ISOCONT

n/a

n/a

Ch 2 & 3 – ISOPROG

n/a

n/a

Ch 4 - HA

+15.4 ± 9.2

+1.5 ± 0.9

Notes. Core temperature measured Day1 to Day 10 for all. * denotes outlier removed (mean resting Trec = 36.53°C during days 7, 8, and 9
of ISOPROG; day 10 resting Trec = 37.30°C due to 120 min later start during that session). Heart rate measured HTT1 to HTT3 – ISOCONT
and ISOPROG and Day1 to Day 10 – HA.

Induced changes in core temperature (expressed as a dose/rate of change see Table 8.14) were greater than the
mean observed for equivalent published long term (Table 2.1; -0.02 ± 0.01°C.hr-1.) protocols following ISOCONT
(chapters 5, and 6). Data from ISOCONT (chapters 5, and 6) is comparable with HA (chapter 7), with these groups
demonstrating a doubled the rate of Trec adaptation compared to ISOPROG.
A rationale for the disparity between the similar ISOCONT and heat acclimation methods/participants compared to
ISOPROG may be related to the rectal temperature of the groups at the onset of the acclimation which are not
entirely comparable (ISOCONT = 37.12 ± 0.11 °C; HA = 36.97 ± 0.25 °C; Mean of ISOCONT and HA = 37.05°C vs
ISOPROG = 36.86 ± 0.30°C). Assuming that a finite reduction in Trec is achievable, the difference between the
absolute change between methods (~0.20 – 0.25°C) could be explained by the already lowered T rec of ISOPROG (0.19°C vs mean of ISOCONT and HA, and equally the rate of absolute change of the other groups -0.40°C) and
natural variability of core temperature across participants. It is worth considering that the increased stress of the
ISOPROG method may have facilitated maladaptation due to the increased physiological/thermoregulatory strain
of targeting a Trec of 39.0°C, although this has yet to be experimentally elucidated. Based upon the data
collected, it is apparent that the continuous isothermic method is the most optimal tested within this thesis at
inducing desirable reductions in core temperature.
Heart rate reductions, and plasma volume expansion (chapter 7) exceed the means observed from published data
(HR = -0.6 ± 0.3 b.min-1.hr-1; PV = = +0.6 ± 0.2%.hr-1) across all experimental chapters highlighting the
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effectiveness of the isothermic acclimation protocol towards improving cardiac efficiency. It remains to be
experimentally elucidated whether improving the workload administration of the isothermic protocol would
elicit more favourable absolute, and dose calculated adaptation. As expanded plasma volume is the predominate
mechanism for reducing heart rate (-1 b.min-1 for every +1% (Convertino 1983)), an upper limit of expansion is
conceivable and likely achieved via a combination of long term (10 – 14 days) isothermic heat acclimation
(Patterson et al. 2004a), and dehydration during exercise-heat stress (Garrett et al. 2014).
Analysis of the cellular response to heat acclimation presented via pooling of Day 1, and Day 10 data for
ISOCONT, ISOPROG, FIXED (chapters 5 and 6) and ISOHA and EX (chapter 7) has facilitated analysis of the
predictors of increased Hsp72 mRNA. Eighteen physiological variables (exercise duration (min), sweat loss
(%NBM), mean session power (W), mean exercising power (W), total work done (kJ), mean session intensity
(%VO2peak), mean exercise intensity (%VO2peak), ∆Trec (°C), mean Trec (°C), mean Treclast60 (°C), peak Trec (°C),
duration Trec>38.5 (min), duration Trec>39.0 (min), rate of Trec change (°C.hr-1), ∆ HR (b.min-1), mean HR (b.min-1),
peak HR (b.min-1)) were entered into the correlation analysis9 with the baseline to post exercise change in Hsp72
mRNA, 2.5 ± 2.1 (see Table 8.15).

Table 8.15 Descriptive data implemented in correlational analysis with the fold change in Hsp72 mRNA during
ISOCONT, ISOPROG, FIXED, HA and EX experimental groups on Day1 and Day 10 of heat acclimation.
Variable

Mean ± SD

r - value

R2

p - value

mean Treclast60 (°C)

38.29 ± 0.46

0.481

0.23

<0.001

peak Trec (°C)

38.67 ± 0.46

0.472

0.22

<0.001

∆Trec (°C)

1.82 ± 0.60

0.469

0.22

<0.001

mean Trec (°C)

38.02 ± 0.36

0.413

0.17

<0.001

duration Trec>38.5 (min)

28.0 ± 23.2

0.347

0.12

0.002

peak HR (b.min-1)

157 ± 26

0.337

0.11

0.003

mean HR (b.min-1)

122 ± 29

0.320

0.10

0.005

duration Trec>39.0 (min)

5.3 ± 11.7

0.288

0.08

0.012

2.2 ± 0.9

-0.258

0.07

0.024

rate of Trec change (°C.hr )

1.03 ± 1.16

0.224

0.05

0.052

exercise duration (min)

64.3 ± 18.5

0.216

0.05

0.061

mean session intensity (%VO2peak)

40.1 ± 10.1

0.206

0.04

0.074

∆ HR (b.min-1)

111 ± 30

0.174

0.03

0.132

mean session power (W)

111.0 ± 30.0

0.164

0.03

0.157

total work done (kJ)

597 ± 163

0.149

0.02

0.200

mean exercising power (W)

161 ± 39

-0.014

0.00

0.903

mean exercise intensity (%VO2peak)

57.1 ± 6.6

-0.062

0.00

0.593

sweat loss (%NBM)
-1

9

Pearson product moment test of correlation was performed to calculate the relationship between the change in Hsp72 mRNA and selected
physiological variables on the first and tenth session
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This correlation analysis was in agreement with other published data in highlighting that thermoregulatory
stimuli is the most potent for the transcription of Hsp72 mRNA. Noteworthy is that this larger dataset supports
the observations of experimental chapters 6 and 7, where prescriptive exercise criteria alone does not have a
significant relationship with changes in the Hsp72 gene transcription, rather it is the temperature responses to the
various exercise prescription in differing environments which augment the attainment of increased Hsp72
expression within leukocytes. It is also apparent that an increased duration where Trec>39.0°C is not as strong
predictor as Trec>38.5°C which may be interpreted as supporting the observation of experimental chapter 6, that
there is no benefit of increasing the isothermic Trec of 38.5°C to 39.0°C; although this may be a result of the
smaller number of individuals who attained a Trec >39.0°C. Therefore, an experiment to elucidate this specific
observation is warranted.
Using analysis identical to that of chapter 4 (Gibson et al. 2014) for eHSP72, stepwise multiple regression of the
physiological data associated with increased Hsp72 mRNA was performed. Only two variables were
successfully entered into the stepwise multiple regression model, mean Treclast60 (°C) and mean Trec (°C). This
again highlights the importance of increased temperature in the transcription or Hsp72 mRNA, but also
reinforced the merits of isothermic methods in delivering the minimum potentiating stimuli more consistently
throughout the heat acclimation intervention in comparison to fixed methods. Within isothermic methods, the
previously discussed optimisation of the attainment of the Trec target of 38.5°C becomes more pertinent as higher
mean Trecfinal60 and mean Trec were shown to improve changes in Hsp72 mRNA (r = 0.535; r2 = 0.286).

8.3.1

Adaptation differences between trained and untrained individuals

It has been previously observed that heat acclimation is an extension of aerobic training status, with more
aerobically trained individuals possessing greater mechanisms for heat dissipation than untrained equivalents,
thus displaying a greater heat acclimation phenotype (Piwonka et al. 1965; Aoyagi et al. 1997; Cheung and
McLellan 1998). To determine whether the adaptive capacity of individuals with a different training status exists
when implementing an isothermic heat acclimation method, pooled data from this method within this thesis was
analysed. Two sub groups were created utilising the upper quartile (“trained” n = 6), and lower quartile
(“untrained” n = 6) of participants ranked by absolute VO2peak (L.min-1), see Table 8.16.
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Table 8.16 Descriptive characteristics, and adaptive responses to long term isothermic heat acclimation for the
upper quartile (n = 6), and lower quartile (n = 6) of participants within this thesis
Trained Participants

Untrained
participants

p - value

d2

Participant Descriptive Data
Age (years)

21.3 ± 3.3

23.3 ± 4.1

0.377

0.53

Height (cm)

181.9 ± 6.2

178.1 ± 6.4

0.320

0.60

74.0 ± 8.2

76.5 ± 10.9

0.667

0.26

1.95 ± 0.14

1.94 ± 0.14

0.947

0.04

Body Mass Index (kg.m )

22.3 ± 1.5

24.1 ± 3.5

0.272

0.67

Body Fat (%)

12.4 ± 2.2

14.8 ± 4.3

0.259

0.69

VO2peak (L.min-1)

4.77 ± 0.46 *

3.30 ± 0.59

0.001

2.78

VO2peak (mL.kg.min-1)

65.3 ± 11.7 *

43.0 ± 4.0

0.001

2.54

Nude Body Mass (kg)
2

Body Surface Area (m )
2

Isothermic Heat Acclimation Descriptive Data
Oxygen Uptake at start of heat
acclimation session
(L.min-1)
Hprod at start of heat acclimation session
(W)
Hprod at start of heat acclimation session
(W.kg-1)
Hprod at start of heat acclimation session
(W.m2)
Duration to achieve Trec of 38.5°C
(min)

2.93 ± 0.31 *

2.11 ± 0.50

0.006

2.00

812 ± 88 *

600 ± 176

0.025

1.52

11.0 ± 1.0 *

7.8 ± 1.5

0.001

2.64

416.9 ± 29.5 *

306.7 ± 73.5

0.007

1.97

42.8 ± 5.4 *

55.4 ± 9.9

0.021

1.57

Adaptation to Isothermic Heat Acclimation
∆ Trec (°C)

-0.50 ± 0.22

-0.36 ± 0.11

0.186

0.82

∆ HR (b.min )

-12 ± 12

-10 ± 13

0.820

0.13

∆ SL (%.NBM)

1.52 ± 0.86 *

0.48 ± 0.36

0.021

1.58

-1

* denotes significantly difference from untrained.
The peak or maximal oxygen uptake (VO2peak/ VO2max) is accepted as the criterion measure of cardiorespiratory
fitness (Hill and Lupton 1923; Bassett and Howley 2000; Levine 2008), both absolute and relative interpretations
of the trained and untrained group are significantly different from one another thus the demarcation into upper
(first quartile) and lower (third) quartiles is an effective method for the forthcoming analysis (Hyndman and Fan
1996). In accordance with established guidelines, and confirmed by statistical analysis 10 , the V O2peak of
“untrained” quarter represent the 45th percentile with maximal aerobic power classified as “fair”, whilst the peak
oxygen uptake of the “trained” group represents the 99th percentile with maximal aerobic power classified as
“superior” which is the highest ranking for males aged 20 -29 years (Medicine 2013). Interestingly, no
anthropometric differences occurred between the participants, previously it has been observed that individuals
10

Independent samples T-Tests were used to determine statistical differences between the Trained and Untrained groups
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with improved cardiorespiratory fitness are characterised by lower body fat (Wong et al. 2004), with a greater
percentage lean mass and lower body fat predictive of endurance performance (Tanda and Knechtle 2013).
In chapters 5 and 6, it was discussed that variation in the heat acclimation administration between ISOCONT and
ISOPROG groups was a result of differences in aerobic capacity between experimental groups. This analysis
between “untrained” and “trained” participants dichotomises the aerobic capacity further and the workload
prescription; Table 8.16 ) highlights that both absolute and relative Hprod at the onset of heat acclimation is
greater for trained individuals. The mechanism underpinning the increased Hprod at the same relative workload
(65 %VO2peak) is a result of a greater absolute VO2 at the start of the heat acclimation session within the trained
subgroup (Smoljanic et al. 2014). The combination of a greater V O2peak and consequential Hprod is a more
efficient duration to achieve a target Trec of 38.5 °C.
No difference existed in the adaptations to reduce Trec, and reduce HR at rest between the subgroups. This
suggests that either the central regulation to maintain Trec at a lower set point, or thermoregulatory systems are
not augmented with training status. Rather, it appears the pre-optical anterior hypothalamus where regulation of
internal temperature is processed (Flouris 2011), is variable in response to repeated exogenous heat stress and the
concurrent exogenous heat strain between dichotomised training status groups. The equivalent reduction in heart
rate reflects an equal capacity to expand plasma volume, or initiate sympathetic activity/tone, irrespective of
training status (Convertino 1991; Garrett et al. 2009). It is known that trained individuals possess greater blood
volume in comparison to less trained individuals of the same anthropometric composition however the
cellular/protein component of the blood is not different (Harrison et al. 1981; Harrison 1986; Schmidt et al.
1988; Schmidt and Prommer 2008). The ability to increase plasma volume acutely has also been evidenced
following sodium loading across training statuses reinforcing the ability to modify this extracellular fluid
component (Greenleaf et al. 1998; Berger et al. 2006; Sims et al. 2007). The plasma volume expansion
mechanisms are therefore beneficial across training statuses, and can be acknowledged as favourable for both
occupational and athletic populations who require improvements in work capacity where limitations may exist as
a result inadequate cardiovascular demands (González-Alonso et al. 1995).
An interesting observation is the greater inducement of sweat efficiency in trained individuals in comparison to
untrained equivalents. A number of reasons for this can be evidenced, firstly it has been observed that when
matched for MHP, no difference exists in the sweat response between training statuses (Jay et al. 2011).
However, when exercising at a fixed %VO2peak the greater absolute MHP, and potential for greater rates of heat
storage signal a greater requirement for heat dissipation via sweating (Jay et al. 2011). Interestingly, it has been
observed that aerobic fitness alters local sweating on the forehead, but not the forearm, independently of
evaporative requirements for heat balance, and may be the result of differential control of sweating in these skin
areas associated with the relative intensity of exercise (Cramer et al. 2012). The greater trained Hprod appears to
have increased sudomotor function within each heat acclimation session. This therefore provides a greater, and
more continual stimuli for sweating (Fox et al. 1963; Taylor 2000; Taylor 2014), thus a greater duration when
adaptation is stimulated in the trained group. The increased sudomotor function of the trained group within each
acclimation session is a result of an improved central drive to sweat, i.e. an earlier onset resulting from a lower
core temperature set point to elicit sweating, and improved peripheral sweat gland function whereby eccrine
gland sensitivity to the neurotransmitter acetylcholine, and apocrine gland sensitivity to sympathetic innervation
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or circulating catecholamines increase, alongside gland hypertrophy to increase skin wettedness and evaporative
heat dissipation (Candas et al. 1979).
Embracing the concept that greater aerobic training status equates to a greater heat acclimated phenotype
(Aoyagi et al. 1997; Cheung and McLellan 1998), it can also be proposed that trained individuals are improving
already established sudomotor function, whereas untrained individuals require a more extensive development of
sudomotor function. Thus, the early stages of heat acclimation is developmental in an untrained population,
rather than enhancing of this physiological system (Armstrong and Maresh 1998). Clearly the moderately trained
status of the “untrained” participants means this absence of any sudomotor function is difficult to establish
(Armstrong and Maresh 1998). Heat acclimation of sedentary individuals with a lower aerobic fitness would
allow this to become unequivocal. Similarities can be drawn with comparisons between trained and untrained
individuals, akin to those of males and females respectively (Mee et al. 2015b).

8.4 EFFICACY OF THE CROSS ACCLIMATION/ CROSS TOLERANCE MODEL
Previously schematics (Figure 2.39, Figure 2.41, Figure 2.42) have offered a useful insight into the cross
acclimation/ tolerance paradigm (Ely et al. 2014). An amalgamation of the successful cross adaptive pathways
has been presented alongside data from this thesis to include specific mechanisms which empirically support the
cross acclimation / tolerance phenomenon Figure 8.7.
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Figure 8.7 Cross acclimation / tolerance model including cellular and physiological pathways for cross
adaptation.
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Data presented in chapter 7 supports the previous observations that physiological strain in hypoxia can be
reduced following heat stress/acclimation (Heled et al. 2012; Lee et al. 2014b; Lee et al. 2014a). The
physiological adaptive benefits which transfer from the heat acclimated phenotype to hypoxia can be broadly
grouped into two categories - thermoregulatory, and haematological, both possessing a common theme in
optimising blood flow (O2 delivery) to the exercising muscle (Joyner and Casey 2013; Joyner and Casey 2015).
Enhanced thermoregulation is of cross acclimation benefit due to maintenance of blood volume and pressure
within the central circulation for metabolism, rather than pooling subcutaneously for heat dissipation. The
reduced available blood volume theory for increased cardiovascular strain has been evidenced under conditions
of hypohydration (Sawka et al. 1983b; Cadarette et al. 1984; Sawka et al. 1985b), and increased temperature
(Sawka et al. 2012), although this response is not always immediate, rather it becomes more prominent with
prolonged exposure. Measured core and skin temperature, in addition to the thermal gradient between these
locations highlight this adaptive response in the heat (Kenefick et al. 2007). In hypoxia, the increase in
cardiovascular strain is more immediate as the reduced FiO2 negatively influences oxygenated blood flow to the
critical tissue – in this example contracting skeletal muscle (Grover et al. 1986). Thus, successful cross
acclimation where hypervolemia has occurred is likely to provide an immediate benefit. Within the blood,
haematological cross acclimation following heat adaptation is primarily allied to the composition of blood,
where an expanded plasma volume component further enhances the delivery of haemoglobin carrying O2 to the
target tissue via increased stroke volume for matched cardiac output, an adaptation easily observed by measuring
heart rate (White et al. 2014; Ely et al. 2014). This haematological observation is complimented by the reduction
in blood temperature, with a reduction in blood temperature causing a leftward shift in the oxyhaemoglobin
saturation curve, thus improving the carrying capacity of each unit blood (Barcroft and King 1909). Hypoxic
adaptation is predominantly attributable to cardiovascular adaptations (Grover et al. 1986), with increased
capillarisation a rapid response in comparison to the slower, yet more sustained response of erythropoiesis. The
delayed erythropoietic adaptation (Garvican et al. 2012; Gore et al. 2013), is a mechanism to improve blood
supply to the target tissue, however it appears based upon the data within this thesis that this improved delivery
may be attained more rapidly by utilising heat acclimation even though the acclimated phenotype may be
transient following removal of the stimuli. Both heat acclimation and altitude training initiate metabolic
responses to optimise the delivered O2 within tissue (Young et al. 1985; Kirwan et al. 1987; Young 1990;
Febbraio et al. 1994; Lundby and Van Hall 2002), mitochondrial proliferation and enhanced molecular synthesis
of O2 is well evidenced but has not been considered within this thesis thus comparisons in addition to published
literature have not been made (Boushel et al. 2014; Robach et al. 2014).
In addition to the absence of metabolic data, changes in heat shock protein basal quantities within target tissue
has not been possible within this thesis, instead changes in gene expression have been used to indicate the
cellular stress response to each exercise-environment interaction (Tuttle et al. 2015). Following heat acclimation
it appears the initial requirement to transcript Hsp72 in hypoxia is attenuatedFollowing heat acclimation it
appears the initial requirement to transcript Hsp72 in hypoxia is attenuated, although this observation should be
taken as cautionary given the lack of supporting data from within the control group in this experiment. As
discussed within chapter 7, it cannot be determined whether the attenuation is a result of reduced physiological
strain following heat acclimation which mitigates the necessity for gene transcription (i.e. evidence of cross
acclimation) or whether the attenuation is a result of increased intracellular Hsp72 (or other molecular
adaptation) which is mitigating further gene transcription which would suggest cross tolerance is occurring.
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Methods for elucidating the pathway are discussed in the forthcoming “8.6 Future Directions” section. Neither of
these mechanistic pathways are true of Hsp90α which shares a similar response before and after heat
acclimation. The reason for this lack of response could be insufficient heat acclimation to augment adaptation, or
that the hypoxic trial implemented is suboptimal with regards to detecting a response. Comments to this effect
are also discussed within “8.6 Future Directions”.

8.5 PRACTICAL APPLICATION OF FINDINGS
Within the introduction of this thesis it was stated “The aim of this thesis is investigate the physiological
pathways which may demonstrate the efficacy of cross acclimation, and cross tolerance in the direction of heat
acclimation towards reducing physiological strain at rest and during exercise in hypoxia. Identification of the
physiological pathways is of primary importance prior to the implementation of cross acclimation/tolerance to
different populations i.e. athletic or occupational.” Given the data presented in chapter 7, it is apparent that the
hypothesised pathways for transferring the physiological and cellular adaptations to heat acclimation to other
environments (varying temperature / oxygen availability) are viable, albeit requiring further investigation, and
are an alternative method for reducing physiological strain in hypoxia. Additionally if somebody was either less
tolerant to hypoxia, or responded poorly to repeated exposures of hypoxia, but was a better responder to heat,
then this could be a preferred/alternative method. The full cross – tolerance effects cannot be fully confirmed
given the lack of protein data presently available, however cross – acclimatory benefits are becoming more
unequivocal, particularly when unattainable cardiovascular stress compromises the individual in a given
environment. Whilst it is known athletes can use heat acclimation interventions to attenuate reductions in
performance in hot, humid conditions (Guy et al. 2014), and potentially improve performance in
cooler/temperate conditions (Corbett et al. 2014b), it appears that the increased blood volume resulting from
extracellular plasma expansion may improve physiological responses to moderate intensity exercise in
conditions of reduced oxygen availability. It is unknown whether these benefits extend upwards into higher
intensity exercise domains. This is a novel finding and one with a strong application given the more efficient
procurement of heat adaptations in comparison to hypoxic adaptations. Outside of a sport environment,
occupational workers, including the military may benefit from the implementation of isothermic heat acclimation
prior to deployment in high altitude locations, particularly if the work to be performed is of a moderate relative
intensity. A final unknown consideration is of the application of heat acclimation to individuals experiencing
conditions akin to anoxia, such as free divers (Cotter and Tipton 2014), who may additionally benefit from both
cardiovascular, and cellular adaptation (Arieli et al. 2003; Huang et al. 2003; Djurhuus et al. 2010; Christoforidi
et al. 2012; Fismen et al. 2012).

8.6 FUTURE DIRECTIONS
Future directions from this thesis are extensive due to the formative stages of research into the cross acclimation
/ cross tolerance paradigm. Examination of similar literature and experimental designs in the field of
environmental physiology can be used to inform future experiments. Following the successful reduction of
physiological strain and the cellular stress response of the current, optimised isothermic heat acclimation
method, the application of this intervention should be investigated across a spectrum of both simulated and
actual altitudes as previously elucidated (Wehrlin and Hallén 2006). This would inform the research community
as to whether the effectiveness of cross acclimation is exclusive to the high simulated altitude investigated within
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this thesis (FiO2 = 0.12), or more likely that the physiological benefits observed at this ascent are present across
the spectrum of low to moderate altitudes. Incremental ascents of 800 m (FiO2 = 0.187), 1,800m (FiO2 = 0.167)
and 2,800m (FiO2 = 0.147) seem logical and sufficiently different from one another to allow comparisons to be
made. The ascents proposed are also ecologically valid for application towards occupational, military and
athletic applications, thus appropriate for investigation in the first instance to supplement the data within this
thesis (FiO2 = 0.12; 4,164m). Finally, this ascents would allow comparison with other data in the field (Wehrlin
and Hallén 2006). Previous research has investigated smaller increments in ascent (500m), however given the
volume of testing required to match this and the known adaptations to hypoxia at a physiological and cellular
level this is likely unfeasible. Indeed separate groups rather than a repeated measures design might be most
effective to minimise this potentially confounding variable.
Experimental designs should investigate different work prescription and modality within the continuous aerobic
endurance paradigm (e.g. running and rowing) with the implementation of an incremental cardiopulmonary
exercise test (CPET) the most logical for determining physiological responses to incremental workloads (James
et al. 2015), and identify effective intensities where cross acclimation is apparent. The establishment of the
efficacy of cross acclimation across the work intensity spectrum would highlight the appropriate application to
individuals such as those who may require acclimation for occupational and military personal, and competitive
athletes at altitude. Based upon the data of chapter 7, those individuals undertaking low intensity work
(occupational and military personal) may benefit to a lesser extent than those working at higher intensities
(training or competing athletes) where physiological, and notably cardiovascular strain, is greater. The extent to
which improvements in physiological strain translate to performance is also unknown. Observations that
physiological strain is reduced at intensity domains similar to that of competition e.g. the anaerobic threshold
(chapter 7) or onset of blood lactate accumulation (Heled et al. 2012) suggest altitude derived reductions in
endurance performance may be attenuated. Future experiments should including performance trials to evidence
beneficial adaptive pathways following cross acclimation, as previously investigated in cool and hot conditions
(Lorenzo et al. 2010). These performance trials should be specific to the participant’s forthcoming competition,
with time trials, or time to exhaustion both appropriate experimental methodologies for determining performance
and physiological responses (Laursen et al. 2007; Amann et al. 2008; Passfield and Coakley 2014).
This thesis proposed that the optimal duration to achieve a significant change in typical heat acclimation
phenotypic markers is eight days. This highlights the importance of identifying the optimal dose of heat
acclimation to induce reductions in physiological strain at altitude. The optimal dose is of course dependent on
the application of the cross acclimation. For some individuals the maximum adaptation may be of utmost
importance, thus the efficacy of cross acclimation should be tested following a plateau in phenotypic adaptation
which would typically occur after long term heat acclimation. For other populations, the optimised
administration of heat acclimation may be confined by external commitments e.g. training, competition. In this
context a rapid, effective, yet sub optimal phenotypic adaptation may only be possible. Given this example the
adaptive power of cross acclimation following short term heat acclimation should be investigated.
The efficacy of the cross – tolerance mechanism could be supported by a number of experimental designs
utilising intracellular heat shock proteins derived from leukocytes, or skeletal muscle. A replication of
experiments using thermal and/or hypoxic incubation of leukocytes collected at rest (McClung et al. 2008) could
be implemented to determine the time course of adaptations towards the cellular stress response either on a daily,
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or pre – post STHA/LTHA model. This ex vivo cell culture analysis would yield novel and important data
regarding the capacity from cross – tolerance to induce cytoprotective cellular adaptation. The benefits of the ex
vivo / cell culture are mechanistic, research using in vivo analysis are perhaps more pertinent. Using the
experimental design proposed below analysis of the in vivo cellular stress response to the hypoxic trials could be
facilitated by leukocyte isolation and determination of changes in mRNA (Tuttle et al. 2015), or monocyte stress
protein quantity (Lee et al. 2014b; Lee et al. 2014a) at pre and post CPET time points.
An alternative experimental design might implement performance trials which have been widely used in both
hot, humid conditions, and in simulated or actual altitude conditions e.g. time trial (Julian et al. 2004; Hamlin
and Hellemans 2007; Barwood et al. 2012; Bourdillon et al. 2014; Barwood et al. 2014; Robach et al. 2014) or
time to exhaustion (Fulco et al. 1996; Gregson et al. 2005; Romer et al. 2007; Friedmann et al. 2007; Amann et
al. 2007; Périard et al. 2012a; Amann et al. 2013; Richardson and Gibson 2014), in place of, or in addition to
CPET trials (James et al. 2015), at each simulated altitude. Additionally field based protocols such as the six
minute walk test have been effectively implemented to determine physiological responses to hypoxia (Gibson et
al. 2015c). Once exercise modality predominately utilising aerobic metabolism applications are more well
understood, the efficacy of cross acclimation during repeated and/or intermittent sprinting may give noteworthy
applications (Castle et al. 2006; Hayes et al. 2014; Turner et al. 2014a).

It might also be noteworthy that, should beneficial physiological adaptation be observed from heat acclimation,
then a combination of heat acclimation in addition to traditional hypoxic exposure might reduce the duration
required to acclimate to altitude (Tipton 2012), or provide a greater magnitude of adaptation (Takeno et al.
2001).
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9 CONCLUSION
Greater physiological strain and heat shock protein 72 responses occur with increasing exogenous conditions
during acute exercise heat stress. The isothermic heat acclimation method is effective at inducing the heat
acclimated phenotype as a chronic exercise heat stress intervention and is notably beneficial for individuals who
are able seeking equal adaptation with a reduced disruption to on-going training in comparison to fixed intensity
methods. In addition to optimal physiological responses/adaptation, heat shock protein 72 mRNA demonstrates
consistent induction using isothermic methods, likely due to sustained increases in core temperature which are
important for cellular adaptation. Isothermic heat acclimation induced plasma volume expansion elicits
cardiovascular adjustments at rest, and during exercise which is subsequently effective at reducing physiological
strain. This thesis has identified that in addition to the well reported beneficial adaptations being pertinent in hot,
humid environmental conditions, they are transferrable to simulated altitude. In conjunction with this
physiological adaptation transferring to hypoxia, it is now known that an attenuation of the Hsp72 mRNA to
hypoxia can occur following isothermic heat acclimation. The mechanisms for this cellular observation are
however yet to be fully elucidated, particularly given the disparity in baseline response to the combined
hypoxic/exercise stress implemented within the experiment. It is presently unknown whether the reduction in
physiological strain which follows isothermic heat acclimation induces beneficial attenuation of exercise
performance decrements which occur under conditions of hypoxia. Future research should therefore further
investigate the role of isothermic heat acclimation on exercise performance in hypoxia, as well as investigating
the physiological benefits across a spectrum of simulated and actual altitudes.

Page | 231

10 REFERENCES
Adolph EF (1969) Physiology of Man in the Desert. Hafner Publishing Company
Allan JR, Wilson CG (1971) Influence of acclimatization on sweat sodium concentration. J Appl Physiol 30:708–12.
Amann M, Goodall S, Twomey R, Subudhi AW, Lovering AT, Roach RC (2013) AltitudeOmics: on the consequences of
high-altitude acclimatization for the development of fatigue during locomotor exercise in humans. J Appl Physiol
115:634–42.
Amann M, Hopkins WG, Marcora SM (2008) Similar sensitivity of time to exhaustion and time-trial time to changes in
endurance. Med Sci Sports Exerc 40:574–8.
Amann M, Pegelow DF, Jacques AJ, Dempsey J a (2007) Inspiratory muscle work in acute hypoxia influences locomotor
muscle fatigue and exercise performance of healthy humans. Am J Physiol Regul Integr Comp Physiol 293:R2036–45.
Amorim F, Yamada P, Robergs R, Schneider S, Moseley P (2011) Effects of whole-body heat acclimation on cell injury and
cytokine responses in peripheral blood mononuclear cells. Eur J Appl Physiol 111:1609–18.
Amorim FT, Yamada PM, Robergs RA, Schneider SM, Moseley PL (2008) The effect of the rate of heat storage on serum
heat shock protein 72 in humans. Eur J Appl Physiol 104:965–72.
Anbarasi K, Kathirvel G, Vani G, Jayaraman G, Shyamala Devi CS (2006) Cigarette smoking induces heat shock protein 70
kDa expression and apoptosis in rat brain: modulation by bacoside A. Neuroscience 138:1127–1135.
Anderson GS, Ward R, Mekjavić IB (1995) Gender differences in physiological reactions to thermal stress. Eur J Appl
Physiol Occup Physiol 71:95–101.
Aoyagi Y, McLellan TM, Shephard RJ (1994) Effects of training and acclimation on heat tolerance in exercising men
wearing protective clothing. Eur J Appl Physiol Occup Physiol 68:234–45.
Aoyagi Y, McLellan TM, Shephard RJ (1995) Effects of 6 versus 12 days of heat acclimation on heat tolerance in lightly
exercising men wearing protective clothing. Eur J Appl Physiol Occup Physiol 71:187–96.
Aoyagi Y, McLellan TM, Shephard RJ (1997) Interactions of physical training and heat acclimation. The thermophysiology
of exercising in a hot climate. Sports Med 23:173–210.
Arieli Y, Eynan M, Gancz H, Arieli R, Kashi Y (2003) Heat acclimation prolongs the time to central nervous system oxygen
toxicity in the rat: possible involvement of HSP72. Brain Res 962:15–20.
Armstrong CG, Kenney WL (1993) Effects of age and acclimation on responses to passive heat exposure. J Appl Physiol
75:2162–7.
Armstrong LE, Hubbard RW, DeLuca JP, Christensen EL (1986a) Self-Paced Heat Acclimation Procedures. Natick (MA)
Armstrong LE, Hubbard RW, Jones BH, Daniels JT (1986b) Preparing Alberto Salazar for the Heat of the 1984 Olympic
Marathon,. Phys Sportsmed 14:73–81.
Armstrong LE, Maresh CM (1991) The induction and decay of heat acclimatisation in trained athletes. Sports Med 12:302–
12.
Armstrong LE, Maresh CM (1998) Effects of training, environment, and host factors on the sweating response to exercise. Int
J Sports Med 19 Suppl 2:S103–5.
Arngrímsson SA, Stewart DJ, Borrani F, Skinner KA, Cureton KJ (2003) Relation of heart rate to percent VO2 peak during
submaximal exercise in the heat. J Appl Physiol 94:1162–8.
Arya R, Mallik M, Lakhotia SC (2007) Heat shock genes - integrating cell survival and death. J Biosci 32:595–610.
Asea a, Kraeft SK, Kurt-Jones E a, Stevenson M a, Chen LB, Finberg RW, Koo GC, Calderwood SK (2000) HSP70
stimulates cytokine production through a CD14-dependant pathway, demonstrating its dual role as a chaperone and
cytokine. Nat Med 6:435–42.
Asea A (2003) Chaperokine-induced signal transduction pathways. Exerc Immunol Rev 9:25–33.

Page | 232

Asea A (2006) Initiation of the immune response by extracellular Hsp72: chaperokine activity of Hsp72. Curr Immunol Rev
2:209–215.
Asea A (2007) Mechanisms of HSP72 release. J Biosci 26:579–84.
Ash CJ, Cook JR, McMurry TA, Auner CR (1992) The use of rectal temperature to monitor heat stroke. Mo Med 89:283–8.
Asmussen E, Nielsen M (1947) The regulation of the body-temperature during work performed with the arms and with the
legs. Acta Physiol Scand 14:373–82.
Atlas SA (2007) The renin-angiotensin aldosterone system: pathophysiological role and pharmacologic inhibition. J Manag
Care Pharm 13:9–20.
Attia M (1984) Thermal pleasantness and temperature regulation in man. Neurosci Biobehav Rev 8:335–42.
Avellini BA, Kamon E, Krajewski JT (1980) Physiological responses of physically fit men and women to acclimation to
humid heat. J Appl Physiol 49:254–261.
Backx K, McNaughton L, Crickmore L, Palmer G, Carlisle A (2000) Effects of differing heat and humidity on the
performance and recovery from multiple high intensity, intermittent exercise bouts. Int J Sports Med 21:400–5.
Bahrke MS, Shukitt-Hale B (1993) Effects of Altitude on Mood, Behaviour and Cognitive Functioning. Sport Med 16:97–
125.
Bailey DM, Davies B (1997) Physiological implications of altitude training for endurance performance at sea level: a review.
Br J Sports Med 31:183–190.
Bain AR, Jay O (2011) Does summer in a humid continental climate elicit an acclimatization of human thermoregulatory
responses ? Eur J Appl Physiol 111:1197–1205.
Bain AR, Lesperance NC, Jay O (2012) Body heat storage during physical activity is lower with hot fluid ingestion under
conditions that permit full evaporation. Acta Physiol (Oxf) 206:98–108.
Baker MA, Stocking RA, Meehan JP (1972) Thermal relationship between tympanic membrane and hypothalamus in
conscious cat and monkey. J Appl Physiol 32:739–42.
Balsom PD, Ekblom B, Sjödin B (1994) Enhanced oxygen availability during high intensity intermittent exercise decreases
anaerobic metabolite concentrations in blood. Acta Physiol Scand 150:455–6.
Barcroft J, King WO (1909) The effect of temperature on the dissociation curve of blood. J Physiol 39:374–84.
Bardwell JC, Craig EA (1984) Major heat shock gene of Drosophila and the Escherichia coli heat-inducible dnaK gene are
homologous. Proc Natl Acad Sci U S A 81:848–52.
Barwood MJ, Corbett J, White D, James J (2012) Early change in thermal perception is not a driver of anticipatory exercise
pacing in the heat. Br J Sports Med 46:936–42.
Barwood MJ, Corbett J, White DK (2014) Spraying with 0.20% L-menthol does not enhance 5 km running performance in
the heat in untrained runners. J Sports Med Phys Fitness 54:595–604.
Bassett DR, Howley ET (2000) Limiting factors for maximum oxygen uptake and determinants of endurance performance.
Med Sci Sports Exerc 32:70–84.
Baum E, Brück K, Schwennicke HP (1976) Adaptive modifications in the thermoregulatory system of long-distance runners.
J Appl Physiol 40:404–10.
Bazett HC, Love L, Newton M, Eisenberg L, Day R, Forster R. I (1948) Temperature Changes in Blood Flowing in Arteries
and Veins in Man. J Appl Physiol 1:3–19.
Beaudin AE, Clegg ME, Walsh ML, White MD (2009) Adaptation of exercise ventilation during an actively-induced
hyperthermia following passive heat acclimation. Am J Physiol Regul Integr Comp Physiol 297:R605–14.
Beckham JT, Wilmink GJ, Mackanos MA, Takahashi K, Contag CH, Takahashi T, Jansen ED (2008) Role of HSP70 in
cellular thermotolerance. Lasers Surg Med 40:704–15.
Beckmann RP, Lovett M, Welch WJ (1992) Examining the function and regulation of hsp 70 in cells subjected to metabolic
stress. J Cell Biol 117:1137–50.

Page | 233

Berger NJA, Campbell IT, Wilkerson DP, Jones AM (2006) Influence of acute plasma volume expansion on VO2 kinetics,
VO2peak, and performance during high-intensity cycle exercise. J Appl Physiol 101:707–714.
Bhambhani Y, Norris S, Bell G (1994) Prediction of Stroke Volume From Oxygen Pulse Measurements in Untrained and
Trained Men. Can J Appl Physiol 19:49–59.
Blake MJ, Udelsman R, Feulner GJ, Norton DD, Holbrook NJ (1991) Stress-induced heat shock protein 70 expression in
adrenal cortex: an adrenocorticotropic hormone-sensitive, age-dependent response. Proc Natl Acad Sci U S A
88:9873–7.
Bland JM, Altman DG (1996) Measurement error. BMJ 313:744.
Bligh J (1957) A comparison of the temperature of the blood in the pulmonary artery and in the bicarotid trunk of the calf
during thermal polyponea. J Physiol 136:404–12.
Bligh J, Voigt K (1990) Thermoreception and temperature regulation. Springer-Verlag, London
Bohen SP, Yamamoto KR (1993) Isolation of Hsp90 mutants by screening for decreased steroid receptor function. Proc Natl
Acad Sci U S A 90:11424–8.
Du Bois D, Du Bois EF (1916) A formula to estimate the approximate surface area if height and weight be known. Arch
Intern Med 17:863–871.
Bonner RM, Harrison MH, Hall CJ, Edwards RJ (1976) Effect of heat acclimatization on intravascular responses to acute
heat stress in man. J Appl Physiol 41:708–713.
Booth JD, Wilsmore BR, MacDonald AD, Zeyl A, Storlien LH, Taylor NAS (2004) Intramuscular temperatures during
exercise in the heat following pre-cooling and pre-heating. J Therm Biol 29:709–715.
Borg G, Ljunggren G, Ceci R (1985) The increase of perceived exertion, aches and pain in the legs, heart rate and blood
lactate during exercise on a bicycle ergometer. Eur J Appl Physiol Occup Physiol 54:343–349.
Bouchama A, Knochel JP (2002) Heat stroke. N Engl J Med 346:1978–88.
Boulant JA (2006) Neuronal basis of Hammel’s model for set-point thermoregulation. J Appl Physiol 100:1347–54.
Boulant JA (2011) Hypothalamic Neurons Regulating Body Temperature. Compr Physiol 105–126.
Bourdillon N, Fan J-L, Kayser B (2014) Cerebral oxygenation during the Richalet hypoxia sensitivity test and cycling timetrial performance in severe hypoxia. Eur J Appl Physiol 1037–1048.
Boushel R, Lundby C, Qvortrup K, Sahlin K (2014) Mitochondrial Plasticity With Exercise Training and Extreme
Environments. Exerc. Sport Sci. Rev.
Bradbury PA, Fox RH, Goldsmith R, Hampton IF (1964) The Effect of Exercise of Temperature Regulation. J Physiol
171:384–96.
Brade C, Dawson B, Wallman K (2013) Effect of precooling and acclimation on repeat-sprint performance in heat. J Sports
Sci 31:779–86.
Braun B, Mawson JT, Muza SR, Dominick SB, Brooks GA, Horning MA, Rock PB, Moore LG, Mazzeo RS, Ezeji-Okoye
SC, Butterfield GE (2000) Women at altitude: carbohydrate utilization during exercise at 4,300 m. J Appl Physiol
88:246–56.
Brazaitis M, Skurvydas A (2010) Heat acclimation does not reduce the impact of hyperthermia on central fatigue. Eur J Appl
Physiol 109:771–8.
Brengelmann GL, Johnson JM, Hong PA (1979) Electrocardiographic verification of esophageal temperature probe position.
J Appl Physiol 47:638–42.
Brosnan MJ, Martin DT, Hahn a G, Gore CJ, Hawley J a (2000) Impaired interval exercise responses in elite female cyclists
at moderate simulated altitude. J Appl Physiol 89:1819–24.
Brouet A, Sonveaux P, Dessy C, Balligand JL, Feron O (2001) Hsp90 ensures the transition from the early Ca2+-dependent
to the late phosphorylation-dependent activation of the endothelial nitric-oxide synthase in vascular endothelial growth
factor-exposed endothelial cells. J Biol Chem 276:32663–9.

Page | 234

Brouns F (1991) Heat--sweat--dehydration--rehydration: a praxis oriented approach. J Sports Sci 9 Spec No:143–52.
Buchheit M, Richard R, Doutreleau S, Lonsdorfer-Wolf E, Brandenberger G, Simon C (2004) Effect of acute hypoxia on
heart rate variability at rest and during exercise. Int J Sports Med 25:264–9.
Buchheit M, Voss SC, Nybo L, Mohr M, Racinais S (2011) Physiological and performance adaptations to an in-season soccer
camp in the heat: Associations with heart rate and heart rate variability. Scand J Med Sci Sport 21:1–9.
Buono MJ, Heaney JH, Canine KM (1998) Acclimation to humid heat lowers resting core temperature. Am J Physiol
274:R1295–9.
Buono MJ, Holloway B, Levine A, Rasmussen C, Kolkhorst FW (2014) Effect of air temperature on the rectal temperature
gradient at rest and during exercise. Int J Physiol Pathophysiol Pharmacol 6:61–5.
Buono MJ, Numan TR, Claros RM, Brodine SK, Kolkhorst FW (2009) Is active sweating during heat acclimation required
for improvements in peripheral sweat gland function? Am J Physiol Regul Integr Comp Physiol 297:R1082–5.
Burk A, Timpmann S, Kreegipuu K, Tamm M, Unt E, Oöpik V (2012) Effects of heat acclimation on endurance capacity and
prolactin response to exercise in the heat. Eur J Appl Physiol 4091–4101.
Burleson ML, Silva PE (2011) Cross Tolerance to Environmental Stressors: Effects of Hypoxic Acclimation on
Cardiovascular Responses of Channel Catfish (Ictalurus punctatus) to a Thermal Challenge. J Therm Biol 36:250–254.
Burton A (1935) Human Calorimetry: II. The Average Temperature of the Tissues of the Body * Three Figures. J Nutr 9:261
– 280.
Buskirk ER, Iampietro PF, Bass DE (1958) Work Performance After Dehydration: Effects of Physical Conditioning and Heat
Acclimatization. J Appl Physiol 12:189–194.
Bynum GD, Pandolf KB, Schuette WH, Goldman RF, Lees DE, Whang-Peng J, Atkinson ER, Bull JM (1978) Induced
hyperthermia in sedated humans and the concept of critical thermal maximum. Am J Physiol 235:R228–36.
Byrne C, Lee JKW, Chew SAN, Lim CL, Tan EYM (2006) Continuous thermoregulatory responses to mass-participation
distance running in heat. Med Sci Sports Exerc 38:803–10.
Byrne C, Lim CL (2007) The ingestible telemetric body core temperature sensor: a review of validity and exercise
applications. Br J Sports Med 41:126–33.
Cabanac M (2006) Sensory pleasure optimizes muscular work. Clin Invest Med 29:110–6.
Cadarette BS, Sawka MN, Toner MM, Pandolf KB (1984) Aerobic fitness and the hypohydration response to exercise-heat
stress. Aviat Space Environ Med 55:507–12.
Caldwell JE, Ahonen E, Nousiainen U (1984) Differential effects of sauna-, diuretic-, and exercise-induced hypohydration. J
Appl Physiol 57:1018–23.
Campisi J, Leem TH, Fleshner M (2003) Stress-induced extracellular Hsp72 is a functionally significant danger signal to the
immune system. Cell Stress Chaperones 8:272–286.
Canada DOF (2009) Nutrition and Athletic Performance. Med Sci Sport Exerc 41:709–731.
Candas V, Libert JP, Vogt JJ (1979) Human skin wettedness and evaporative efficiency of sweating. J Appl Physiol 46:522–
8.
Casa DJ, Armstrong LE, Ganio MS, Yeargin SW (2005) Exertional heat stroke in competitive athletes. Curr Sports Med Rep
4:309–17.
Casa DJ, Becker SM, Ganio MS, Brown CM, Yeargin SW, Roti MW, Siegler J, Blowers JA, Glaviano NR, Huggins RA,
Armstrong LE, Maresh CM (2007) Validity of devices that assess body temperature during outdoor exercise in the
heat. J Athl Train 42:333–42.
Casa DJ, Kenny GP, Taylor NAS (2010) Immersion treatment for exertional hyperthermia: cold or temperate water? Med Sci
Sports Exerc 42:1246–52.
Castle P, Mackenzie RW, Maxwell N, Webborn ADJ, Watt PW (2011) Heat acclimation improves intermittent sprinting in
the heat but additional pre-cooling offers no further ergogenic effect. J Sports Sci 29:1125–34.

Page | 235

Castle PC, Kularatne BP, Brewer J, Mauger AR, Austen RA, Tuttle JA, Sculthorpe N, Mackenzie RW, Maxwell NS,
Webborn ADJ (2012) Partial heat acclimation of athletes with spinal cord lesion. Eur J Appl Physiol 109–115.
Castle PC, Macdonald AL, Philp A, Webborn A, Watt PW, Maxwell NS, Peter W, Paul C (2006) Precooling leg muscle
improves intermittent sprint exercise performance in hot, humid conditions. J Appl Physiol 100:1377–84.
Chalmers S, Esterman A, Eston R, Bowering KJ, Norton K (2014) Short-Term Heat Acclimation Training Improves Physical
Performance: A Systematic Review, and Exploration of Physiological Adaptations and Application for Team Sports.
Sports Med.
Chen T-I, Tsai P-H, Lin J-H, Lee N-Y, Liang MT (2013) Effect of short-term heat acclimation on endurance time and skin
blood flow in trained athletes. Open access J Sport Med 4:161–70.
Cheng C, Matsukawa T, Sessler DI, Ozaki M, Kurz A, Merrifield B, Lin H, Olofsson P (1995) Increasing mean skin
temperature linearly reduces the core-temperature thresholds for vasoconstriction and shivering in humans.
Anesthesiology 82:1160–8.
Cheung S, Flouris AD (2009) Maximal oxygen uptake regulation as a behavioral mechanism. J Appl Physiol 106:345.
Cheung SS (2010a) Interconnections between thermal perception and exercise capacity in the heat. Scand J Med Sci Sports
20 Suppl 3:53–9.
Cheung SS, McLellan TM (1998) Heat acclimation, aerobic fitness, and hydration effects on tolerance during uncompensable
heat stress. J Appl Physiol 84:1731–1739.
Cheung SS, McLellan TM, Tenaglia S (2000) The thermophysiology of uncompensable heat stress. Physiological
manipulations and individual characteristics. Sports Med 29:329–59.
Cheung SS, Sleivert GG (2004) Multiple triggers for hyperthermic fatigue and exhaustion. Exerc Sport Sci Rev 32:100–6.
Cheung SSS (2010b) Advanced environmental exercise physiology. Human Kinetics, Champaign, IL
Cheuvront SN, Chinevere TD, Ely BR, Kenefick RW, Goodman D a, McClung JP, Sawka MN (2008) Serum S-100beta
response to exercise-heat strain before and after acclimation. Med Sci Sport Exerc 40:1477–82.
Cheuvront SN, Kenefick RW, Montain SJ, Sawka MN (2010) Mechanisms of aerobic performance impairment with heat
stress and dehydration. J Appl Physiol 109:1989–95.
Chinevere TD, Kenefick RW, Cheuvront SN, Lukaski HC, Sawka MN (2008) Effect of heat acclimation on sweat minerals.
Med Sci Sports Exerc 40:886–91.
Chomczynski P, Sacchi N (1987) Single-step method of RNA isolation by acid guanidinium thiocyanate-phenol-chloroform
extraction. Anal Biochem 162:156–9.
Christoforidi V, Koutlianos N, Deligiannis P, Kouidi E, Deligiannis A (2012) Heart rate variability in free diving athletes.
Clin Physiol Funct Imaging 32:162–6.
Cohen J (1988) Statistical Power Analysis for the Behavioural Sciences. Routledge Academic, New York, NY
Cohen O, Stern M, Horowitz M (2001) Heat acclimation improves cardiac contractility and ischemic tolerance: Is heat
acclimation memorized? J Mol Cell Cardiol 33:A22.
Convertino VA (1983) Heart rate and sweat rate responses associated with exercise-induced hypervolemia. Med Sci Sports
Exerc 15:77–82.
Convertino VA (1991) Blood volume: its adaptation to endurance training. Med Sci Sports Exerc 23:1338–48.
Cooper KE, Cranston WI, Snell ES (1964) Temperature in the external auditory meatus as an index of central temperature
changes. J Appl Physiol 19:1032–1034.
Cooper KE, Kenyon JR (1957) A comparison of temperatures measured in the rectum, oesophagus, and on the surface of the
aorta during hypothermia in man. Br J Surg 44:616–9.
Corbett J, Barwood MJ, Tipton MJ (2014a) Physiological cost and thermal envelope: A novel approach to cycle garment
evaluation during a representative protocol. Scand. J. Med. Sci. Sports
Corbett J, Neal RA, Lunt HC, Tipton MJ (2014b) Adaptation to Heat and Exercise Performance Under Cooler Conditions: A

Page | 236

New Hot Topic. Sports Med.
Corbett J, Vance S, Lomax M, Barwood MJ (2009) Measurement frequency influences the rating of perceived exertion
during sub-maximal treadmill running. Eur J Appl Physiol 106:311–313.
Cotter JD, Patterson MJ, Taylor NA (1997) Sweat distribution before and after repeated heat exposure. Eur J Appl Physiol
Occup Physiol 76:181–6.
Cotter JD, Patterson MJ, Taylor NA (1995) The topography of eccrine sweating in humans during exercise. Eur J Appl
Physiol Occup Physiol 71:549–54.
Cotter JD, Tipton MJ (2014) Moving in extreme environments: what’s extreme and who decides? Extrem Physiol Med 3:11.
Craig AD, Bushnell MC, Zhang ET, Blomqvist A A thalamic nucleus specific for pain and temperature sensation. Nature
372:770–3.
Craig EA (1985) The heat shock response. CRC Crit Rev Biochem 18:239–80.
Craig EN, Cummings EG (1966) Dehydration and muscular work. J Appl Physiol 21:670–674.
Cramer MN, Bain AR, Jay O (2012) Local sweating on the forehead, but not forearm, is influenced by aerobic fitness
independently of heat balance requirements during exercise. Exp Physiol 97:572–82.
Cramer MN, Jay O (2014) Selecting the correct exercise intensity for unbiased comparisons of thermoregulatory responses
between groups of different mass and surface area. J Appl Physiol 116:1123–1132.
Cranston WI, Gerbrandy J, Snell ES (1954) Oral, rectal and oesophageal temperatures and some factors affecting them in
man. J Physiol 126:347–58.
Daanen HAM, Jonkman AG, Layden JD, Linnane DM, Weller a S (2011) Optimising the acquisition and retention of heat
acclimation. Int J Sports Med 32:822–8.
Davis JA, Vodak P, Wilmore JH, Vodak J, Kurtz P (1976) Anaerobic threshold and maximal aerobic power for three modes
of exercise. J Appl Physiol 41:544–50.
Davis TRA, Johnston DR (1961) Seasonal acclimatization to cold in man. J Appl Physiol 16:231–234.
Dempsey JA, Hanson PG, Henderson KS (1984) Exercise-induced arterial hypoxaemia in healthy human subjects at sea
level. J Physiol 355:161–75.
Deren TM, Coris EE, Casa DJ, DeMartini JK, Bain AR, Walz SM, Jay O (2014) Maximum heat loss potential is lower in
football linemen during an NCAA summer training camp because of lower self-generated air flow. J Strength Cond
Res 28:1656–63.
Dill DB, Costill DL (1974) Calculation of percentage changes in volumes of blood, plasma, and red cells in dehydration. J
Appl Physiol 37:247–8.
Dion T, Savoie FA, Asselin A, Gariepy C, Goulet EDB (2013) Half-marathon running performance is not improved by a rate
of fluid intake above that dictated by thirst sensation in trained distance runners. Eur J Appl Physiol 113:3011–20.
Djurhuus R, Nossum V, Lundsett N, Hovin W, Svardal AM, Havnes MB, Fismen L, Hjelde A, Brubakk AO (2010)
Simulated diving after heat stress potentiates the induction of heat shock protein 70 and elevates glutathione in human
endothelial cells. Cell Stress Chaperones 15:405–14.
Donati YRA, Slosman DO, Polla BS (1990) Oxidative injury and the heat shock response. Biochem Pharmacol 40:2571–
2577.
Drust B, Waterhouse J, Atkinson G, Edwards B, Reilly T (2005) Circadian rhythms in sports performance--an update.
Chronobiol Int 22:21–44.
Druyan A, Ketko I, Yanovich R, Epstein Y, Heled Y (2013) Refining the distinction between heat tolerant and intolerant
individuals during a Heat tolerance test. J Therm Biol 38:539–542.
Dubois M, Sato S, Lees DE, Bull JM, Smith R, White BG, Moore H, Macnamara TE (1980) Electroencephalographic
changes during whole body hyperthermia in humans. Electroencephalogr Clin Neurophysiol 50:486–95.
Duncan RF (2005) Inhibition of Hsp90 function delays and impairs recovery from heat shock. FEBS J 272:5244–56.

Page | 237

Durnin J V, Womersley J (1974) Body fat assessed from total body density and its estimation from skinfold thickness:
measurements on 481 men and women aged from 16 to 72 years. Br J Nutr 32:77–97.
Durotoye AO, Grayson J (1971) Heat production in the gastro-intestinal tract of the dog. J Physiol 214:417–26.
Easton C, Fudge BW, Pitsiladis YP (2007) Rectal, telemetry pill and tympanic membrane thermometry during exercise heat
stress. J Therm Biol 32:78–86.
Eastwood A, Bourdon PC, Norton KI, Lewis NR, Snowden KR, Gore CJ (2012) No change in hemoglobin mass after 40
days of physical activity in previously untrained adults. Scand J Med Sci Sports 22:722–8.
Edwards RJ, Belyavin AJ, Harrison MH (1978) Core temperature measurement in man. Aviat Space Environ Med 49:1289–
94.
Eichna LW (1949) Thermal gradients in man; comparison of temperatures in the femoral artery and femoral vein with rectal
temperatures. Arch Phys Med Rehabil 30:584–93.
Eichna LW, Berger AR, Rader B, Becker WH (1951) Comparison of intracardiac and intravascular temperatures with rectal
temperatures in man. J Clin Invest 30:353–59.
Ekblom B, Greenleaf CJ, Greenleaf JE, Hermansen L (1970) Temperature regulation during exercise dehydration in man.
Acta Physiol Scand 79:475–83.
Ely BR, Cheuvront SN, Kenefick RW, Sawka MN (2010) Aerobic performance is degraded, despite modest hyperthermia, in
hot environments. Med Sci Sports Exerc 42:135–41.
Ely BR, Ely MR, Cheuvront SN, Kenefick RW, Degroot DW, Montain SJ (2009) Evidence against a 40 degrees C core
temperature threshold for fatigue in humans. J Appl Physiol 107:1519–25.
Ely BR, Lovering AT, Horowitz M, Minson CT (2014) Heat acclimation and cross tolerance to hypoxia: Bridging the gap
between cellular and systemic responses. Temperature 1:107–114.
Ely MR, Cheuvront SN, Roberts WO, Montain SJ (2007) Impact of weather on marathon-running performance. Med Sci
Sports Exerc 39:487–93.
Epstein Y, Moran DS (2006) Thermal comfort and the heat stress indices. Ind Health 44:388–98.
Epstein Y, Moran DS, Heled Y, Kobo R, Lewkowicz M, Levitan J (2010) Acclimation to heat interpreted from the analysis
of heart-rate variability by the Multipole Method. J Basic Clin Physiol Pharmacol 21:315–323.
Erlejman AG, Lagadari M, Toneatto J, Piwien-Pilipuk G, Galigniana MD (2014) Regulatory role of the 90-kDa-heat-shock
protein (Hsp90) and associated factors on gene expression. Biochim Biophys Acta 1839:71–87.
Faulkner J, Eston R (2007) Overall and peripheral ratings of perceived exertion during a graded exercise test to volitional
exhaustion in individuals of high and low fitness. Eur J Appl Physiol 101:613–20.
Febbraio M a, Koukoulas I (2000) HSP72 gene expression progressively increases in human skeletal muscle during
prolonged, exhaustive exercise. J Appl Physiol 89:1055–60.
Febbraio M a, Ott P, Nielsen HB, Steensberg a., Keller C, Krustrup P, Secher NH, Pedersen BK (2002) Exercise induces
hepatosplanchnic release of heat shock protein 72 in humans. J Physiol 544:957–962.
Febbraio MA (2001) Alterations in energy metabolism during exercise and heat stress. Sports Med 31:47–59.
Febbraio MA (2000) Does muscle function and metabolism affect exercise performance in the heat? Exerc Sport Sci Rev
28:171–6.
Febbraio MA, Mesa JL, Chung J, Steensberg A, Keller C, Nielsen HB, Krustrup P, Ott P, Secher NH, Pedersen BK (2004)
Glucose ingestion attenuates the exercise-induced increase in circulating heat shock protein 72 and heat shock protein
60 in humans. Cell Stress Chaperones 9:390–6.
Febbraio MA, Snow RJ, Hargreaves M, Stathis CG, Martin IK, Carey MF (1994) Muscle metabolism during exercise and
heat stress in trained men: effect of acclimation. J Appl Physiol 76:589–97.
Fehrenbach E, Niess AM, Schlotz E, Passek F, Dickhuth HH, Northoff H (2000a) Transcriptional and translational regulation
of heat shock proteins in leukocytes of endurance runners. J Appl Physiol 89:704–10.

Page | 238

Fehrenbach E, Niess AM, Veith R, Dickhuth HH, Northoff H (2001) Changes of HSP72-expression in leukocytes are
associated with adaptation to exercise under conditions of high environmental temperature. J Leukoc Biol 69:747–754.
Fehrenbach E, Niess AM, Voelker K, Northoff H, Mooren FC (2005) Exercise Intensity and Duration Affect Blood Soluble
HSP72. Int J Sports Med 26:552–557.
Fehrenbach E, Northoff H (2001) Free radicals, exercise, apoptosis, and heat shock proteins. / Radicaux libres, exercice,
apoptose et proteines du choc thermique. Exerc Immunol Rev 7:66–89.
Fehrenbach E, Passek F, Niess AM, Pohla H, Weinstock C, Dickhuth HH, Northoff H (2000b) HSP expression in human
leukocytes is modulated by endurance exercise. / L’expression des proteines HSP dans les leucocytes humains est
modulee par un effort d'endurance. Med Sci Sport Exerc 32:592–600.
Fehrenbach E, Veith R, Schmid M, Dickhuth H-H, Northoff H, Niess AM (2003) Inverse response of leukocyte heat shock
proteins and DNA damage to exercise and heat. Free Radic Res 37:975–82.
Feldser D, Agani F, Iyer N V, Pak B, Ferreira G, Semenza GL (1999) Reciprocal positive regulation of hypoxia-inducible
factor 1alpha and insulin-like growth factor 2. Cancer Res 59:3915–8.
Field A (2013) Discovering Statistics Using IBM SPSS Statistics, 4th Editio. SAGE Publications, London
Filingeri D, Fournet D, Hodder S, Havenith G (2014) Why wet feels wet? A neurophysiological model of human cutaneous
wetness sensitivity. J Neurophysiol 112:jn.00120.2014–.
Fischer CP, Hiscock NJ, Basu S, Vessby B, Kallner A, Sjöberg L-B, Febbraio MA, Pedersen BK (2006) Vitamin E isoformspecific inhibition of the exercise-induced heat shock protein 72 expression in humans. J Appl Physiol 100:1679–87.
Fismen L, Hjelde A, Svardal AM, Djurhuus R (2012) Differential effects on nitric oxide synthase, heat shock proteins and
glutathione in human endothelial cells exposed to heat stress and simulated diving. Eur J Appl Physiol 112:2717–25.
Fleshner M, Johnson JD (2005) Endogenous extra-cellular heat shock protein 72: releasing signal(s) and function. Int J
Hyperth 21:457–471.
Flouris AD (2011) Functional architecture of behavioural thermoregulation. Eur J Appl Physiol 111:1–8.
Flouris AD, Poirier MP, Bravi A, Wright-Beatty HE, Herry C, Seely AJ, Kenny GP (2014) Changes in heart rate variability
during the induction and decay of heat acclimation. Eur J Appl Physiol 114:2119–28.
Fortney SM, Nadel ER, Wenger CB, Bove JR (1981) Effect of blood volume on sweating rate and body fluids in exercising
humans. J Appl Physiol 51:1594–600.
Fortney SM, Vroman NB, Beckett WS, Permutt S, LaFrance ND (1988) Effect of exercise hemoconcentration and
hyperosmolality on exercise responses. J Appl Physiol 65:519–24.
Fortney SM, Wenger CB, Bove JR, Nadel ER (1983) Effect of blood volume on forearm venous and cardiac stroke volume
during exercise. J Appl Physiol 55:884–90.
Fox RH, Crockford GW, Hampton IF, MacGibbon R (1967) A thermoregulatory function test using controlled hyperthermia.
J Appl Physiol 23:267–75.
Fox RH, Goldsmith R, Hampton IF, Lewis HE (1964) The nature of the increase in sweating capacity produced by heat
acclimatization. J Physiol 171:368–76.
Fox RH, Goldsmith R, Kidd DJ, Lewis HE (1963) Acclimatization to heat in man by controlled elevation of body
temperature. J Physiol 166:530–47.
Frank A, Belokopytov M, Moran D, Shapiro Y, Epstein Y (2001) Changes in heart rate variability following acclimation to
heat. J Basic Clin Physiol Pharmacol 12:19–32.
Freeman BC, Morimoto RI (1996) The human cytosolic molecular chaperones hsp90, hsp70 (hsc70) and hdj-1 have distinct
roles in recognition of a non-native protein and protein refolding. EMBO J 15:2969–79.
Fregly MJ (2011) Adaptations: Some General Characteristics. Compr. Physiol. 3:
Fregly MJ (1954) Cross-Acclimatization Between Cold and Altitude in Rats. Am J Physiol -- Leg Content 176:267–274.
Friedmann B, Frese F, Menold E, Bärtsch P (2007) Effects of acute moderate hypoxia on anaerobic capacity in endurance-

Page | 239

trained runners. Eur J Appl Physiol 101:67–73.
Friedmann-Bette B (2008) Classical altitude training. Scand J Med Sci Sports 18 Suppl 1:11–20.
Frohlich C (1981) Aerodynamic effects on discus flight. Am J Phys 49:1125.
Fruth JM, Gisolfi C V. (1983) Work-heat tolerance in endurance-trained rats. J Appl Physiol 54:249–253.
Fudge BW, Pringle JSM, Maxwell NS, Turner G, Ingham S a, Jones AM (2012) Altitude training for elite endurance
performance: a 2012 update. Curr Sports Med Rep 11:148–54.
Fujii N, Honda Y, Ogawa T, Tsuji B, Kondo N, Koga S, Nishiyasu T (2012) Short-term exercise-heat acclimation enhances
skin vasodilation but not hyperthermic hyperpnea in humans exercising in a hot environment. Eur J Appl Physiol
112:295–307.
Fulco CS, Lewis SF, Frykman PN, Boushel R, Smith S, Harman E a, Cymerman a, Pandolf KB (1996) Muscle fatigue and
exhaustion during dynamic leg exercise in normoxia and hypobaric hypoxia. J Appl Physiol 81:1891–900.
Gagge AP, Stolwijk JA, Hardy JD (1967) Comfort and thermal sensations and associated physiological responses at various
ambient temperatures. Environ Res 1:1–20.
Gagge AP, Stolwijk JA, Saltin B (1969) Comfort and thermal sensations and associated physiological responses during
exercise at various ambient temperatures. Environ Res 2:209–29.
Gagnon D, Jay O, Kenny GP (2013) The evaporative requirement for heat balance determines whole-body sweat rate during
exercise under conditions permitting full evaporation. J Physiol 591:2925–35.
Galloway SDR, Maughan RJ (1997) Effects of ambient temperature on the capacity to perform prolonged cycle exercise in
man. Med Sci Sport Exerc 29:1240–1249.
Ganio MS, Brown CM, Casa DJ, Becker SM, Yeargin SW, McDermott BP, Boots LM, Boyd PW, Armstrong LE, Maresh
CM (2009) Validity and reliability of devices that assess body temperature during indoor exercise in the heat. J Athl
Train 44:124–35.
Gant N, Atkinson G, Williams C (2006) The validity and reliability of intestinal temperature during intermittent running.
Med Sci Sports Exerc 38:1926–31.
Garrett AT, Creasy R, Rehrer NJ, Patterson MJ, Cotter JD (2012) Effectiveness of short-term heat acclimation for highly
trained athletes. Eur J Appl Physiol 112:1827–37.
Garrett AT, Goosens NG, Rehrer NJ, Patterson MJ, Harrison J, Sammut I, Cotter JD (2014) Short-term heat acclimation is
effective and may be enhanced rather than impaired by dehydration. Am J Hum Biol 26:311–320.
Garrett AT, Goosens NG, Rehrer NJ, Rehrer NG, Patterson MJ, Cotter JD (2009) Induction and decay of short-term heat
acclimation. Eur J Appl Physiol 107:659–70.
Garrett AT, Rehrer NJ, Patterson MJ (2011) Induction and decay of short-term heat acclimation in moderately and highly
trained athletes. Sport Med 41:757–71.
Garvican L, Martin D, Quod M, Stephens B, Sassi A, Gore C (2012) Time course of the hemoglobin mass response to natural
altitude training in elite endurance cyclists. Scand J Med Sci Sports 22:95–103.
Ge R-L, Witkowski S, Zhang Y, Alfrey C, Sivieri M, Karlsen T, Resaland GK, Harber M, Stray-Gundersen J, Levine BD
(2002) Determinants of erythropoietin release in response to short-term hypobaric hypoxia. J Appl Physiol 92:2361–7.
Gibson OR, Dennis A, Parfitt T, Taylor L, Watt PW, Maxwell NS (2014) Extracellular Hsp72 concentration relates to a
minimum endogenous criteria during acute exercise-heat exposure. Cell Stress Chaperones 19:389–400.
Gibson OR, Mee JA, Taylor L, Tuttle JA, Watt PW, Maxwell NS, Taylor L, Watt PW, Maxwell NS (2015a) Isothermic and
fixed-intensity heat acclimation methods elicit equal increases in Hsp72 mRNA. Scand J Med Sci Sports 25:259–268.
Gibson OR, Mee JA, Tuttle JA, Taylor L, Watt PW, Maxwell NS (2015b) Isothermic and fixed intensity heat acclimation
methods induce similar heat adaptation following short and long-term timescales. J Therm Biol 49-50:55–65.
Gibson OR, Richardson AJ, Hayes M, Duncan B, Maxwell NS (2015c) Prediction of Physiological Responses and
Performance at Altitude Using the 6-Minute Walk Test in Normoxia and Hypoxia. Wilderness Environ Med 1–6.

Page | 240

Gibson OR, Turner G, Tuttle JA, Taylor L, Watt PW, Maxwell NS (2015d) Heat acclimation attenuates physiological strain
and the HSP72, but not HSP90α, mRNA response to acute normobaric hypoxia. J Appl Physiol 119:889–99.
Gibson TM, Redman PJ, Belyavin AJ (1981) Prediction of oesophageal temperatures from core temperatures measured at
other sites in man. Clin Phys Physiol Meas 2:247–52.
Gill N, Sleivert G (2001) Effect of daily versus intermittent exposure on heat acclimation. Aviat Sp Environ Med 72:385–90.
Giraldo E, Multhoff G, Ortega E (2010) Noradrenaline increases the expression and release of Hsp72 by human neutrophils.
Brain Behav Immun 24:672–7.
Girard O, Bishop DJ, Racinais S (2013) Hot conditions improve power output during repeated cycling sprints without
modifying neuromuscular fatigue characteristics. Eur J Appl Physiol 113:359–69.
Girard O, Racinais S (2014) Combining heat stress and moderate hypoxia reduces cycling time to exhaustion without
modifying neuromuscular fatigue characteristics. Eur. J. Appl. Physiol.
Gisolfi C, Robinson S (1970) Venous blood distribution in the legs during intermittent treadmill work. J Appl Physiol
29:368–73.
Gisolfi C V., Lamb D, Nadel ER (2001) Perspectives in Exercise Science & Sports Medicine: Exercise, Heat, &
Thermoregulation.
Givoni B, Goldman RF (1972) Predicting rectal temperature response to work, environment, and clothing. J Appl Physiol
32:812–22.
Gleser MA, Vogel JA (1973) Effects of acute alterations of Vo2 max on endurance capacity of men. J Appl Physiol 34:443–
7.
Gollan F (2006) Physiology of deep hypothermia by total body perfusion. Ann N Y Acad Sci 80:301–314.
Gonzalez RR, Pandolf KB, Gagge AP (1974) Heat acclimation and decline in sweating during humidity transients. J Appl
Physiol 36:419–25.
González-Alonso J (2012) Human thermoregulation and the cardiovascular system. Exp Physiol 97:340–6.
González-Alonso J, Calbet JAL (2003) Reductions in systemic and skeletal muscle blood flow and oxygen delivery limit
maximal aerobic capacity in humans. Circulation 107:824–30.
González-Alonso J, Crandall CG, Johnson JM (2008) The cardiovascular challenge of exercising in the heat. J Physiol
586:45–53.
González-Alonso J, Dalsgaard MK, Osada T, Volianitis S, Dawson EA, Yoshiga CC, Secher NH (2004) Brain and central
haemodynamics and oxygenation during maximal exercise in humans. J Physiol 557:331–42.
González-Alonso J, Mora-Rodríguez R, Below PR, Coyle EF (1995) Dehydration reduces cardiac output and increases
systemic and cutaneous vascular resistance during exercise. J Appl Physiol 79:1487–96.
González-Alonso J, Mora-Rodríguez R, Coyle EF (1999a) Supine exercise restores arterial blood pressure and skin blood
flow despite dehydration and hyperthermia. Am J Physiol 277:H576–83.
González-Alonso J, Teller C, Andersen SL, Jensen FB, Hyldig T, Nielsen B (1999b) Influence of body temperature on the
development of fatigue during prolonged exercise in the heat. J Appl Physiol 86:1032–9.
Goodall S, Charlton K, Hignett C, Prichard J, Barwood M, Howatson G, Thomas K (2015) Augmented supraspinal fatigue
following constant-load cycling in the heat. Scand J Med Sci Sports 25:164–172.
Goodman DA, Kenefick RW, Cadarette BS, Cheuvront SN (2009) Influence of sensor ingestion timing on consistency of
temperature measures. Med Sci Sports Exerc 41:597–602.
Gore CJ, Little SC, Hahn a G, Scroop GC, Norton KI, Bourdon PC, Woolford SM, Buckley JD, Stanef T, Campbell DP,
Watson DB, Emonson DL (1997) Reduced performance of male and female athletes at 580 m altitude. Eur J Appl
Physiol Occup Physiol 75:136–43.
Gore CJ, Sharpe K, Garvican-Lewis L a, Saunders PU, Humberstone CE, Robertson EY, Wachsmuth NB, Clark S a, McLean
BD, Friedmann-Bette B, Neya M, Pottgiesser T, Schumacher YO, Schmidt WF (2013) Altitude training and
haemoglobin mass from the optimised carbon monoxide rebreathing method determined by a meta-analysis. Br J

Page | 241

Sports Med 47 Suppl 1:i31–i39.
Graf W (1959) Patterns of human liver temperature. Acta Physiol Scand Suppl 46:1–135.
Grahn D, Brock-Utne JG, Watenpaugh DE, Heller HC (1998) Recovery from mild hypothermia can be accelerated by
mechanically distending blood vessels in the hand. J Appl Physiol 85:1643–8.
Gray H (2000) Anatomy of the Human Body, 20th Editi. Philadelphia: Lea & Febiger, 1918; Bartleby.com, 2000.
Greenleaf JE, Castle BL (1972) External auditory canal temperature as an estimate of core temperature. J Appl Physiol
32:194–8.
Greenleaf JE, Jackson CG, Geelen G, Keil LC, Hinghofer-Szalkay H, Whittam JH (1998) Plasma volume expansion with
oral fluids in hypohydrated men at rest and during exercise. Aviat Space Environ Med 69:837–44.
Gregson W a, Batterham a, Drust B, Cable NT (2005) The influence of pre-warming on the physiological responses to
prolonged intermittent exercise. J Sports Sci 23:455–64.
Griefahn B (1997) Acclimation to three different hot climates with equivalent wet bulb globe temperatures. Ergonomics
40:223–34.
Grover RF, Weil J V, Reeves JT (1986) Cardiovascular adaptation to exercise at high altitude. Exerc Sport Sci Rev 14:269–
302.
Güler AD, Lee H, Iida T, Shimizu I, Tominaga M, Caterina M (2002) Heat-evoked activation of the ion channel, TRPV4. J
Neurosci 22:6408–14.
Guy JH, Deakin GB, Edwards AM, Miller CM, Pyne DB (2014) Adaptation to Hot Environmental Conditions: An
Exploration of the Performance Basis, Procedures and Future Directions to Optimise Opportunities for Elite Athletes.
Sports Med.
Hackett PH (1999) High altitude cerebral edema and acute mountain sickness. A pathophysiology update. Adv Exp Med Biol
474:23–45.
Hackett PH, Roach RC (2001) High-altitude illness. N Engl J Med 345:107–14.
Al Haddad H, Mendez-Villanueva A, Bourdon PC, Buchheit M (2012) Effect of acute hypoxia on post-exercise
parasympathetic reactivation in healthy men. Front Physiol 3:289.
Haldane JS (1905) The Influence of High Air Temperatures: No. 1. J Hyg (Lond) 5:494–513.
Hamlin MJ, Hellemans J (2007) Effect of intermittent normobaric hypoxic exposure at rest on haematological, physiological,
and performance parameters in multi-sport athletes. J Sports Sci 25:431–41.
Hamlin MJ, Hopkins WG, Hollings SC (2015) Effects of Altitude on Performance of Elite Track-and-Field Athletes. Int. J.
Sports Physiol. Perform.
Harris EF, Smith RN (2009) Accounting for measurement error: A critical but often overlooked process. Arch Oral Biol
54:S107–S117.
Harrison MH (1985) Effects on thermal stress and exercise on blood volume in humans. Physiol Rev 65:149–209.
Harrison MH (1986) Heat and exercise. Effects on blood volume. Sports Med 3:214–23.
Harrison MH, Edwards RJ, Graveney MJ, Cochrane LA, Davies JA (1981) Blood volume and plasma protein responses to
heat acclimatization in humans. J Appl Physiol 50:597–604.
Hayes M, Castle PC, Ross EZ, Maxwell NS (2014) The influence of hot humid and hot dry environments on intermittentsprint exercise performance. Int J Sports Physiol Perform 9:387–96.
Hayward JN, Smith E, Stuart DG (1966) Temperature gradients between arterial blood and brain in the monkey. Proc Soc
Exp Biol Med 121:547–51.
Hayward JS, Eckerson JD, Kemna D (1984) Thermal and cardiovascular changes during three methods of resuscitation from
mild hypothermia. Resuscitation 11:21–33.
Heled Y, Peled A, Yanovich R, Shargal E, Pilz-Burstein R, Epstein Y, Moran DS (2012) Heat Acclimation and Performance

Page | 242

in Hypoxic Conditions. Aviat Space Environ Med 83:649–653.
Hellon RF, Jones RM, MacPherson RK, Weiner JS (1956) Natural and artificial acclimatization to hot environments. J
Physiol 132:559–76.
Hensel H (1973) Neural processes in thermoregulation. Physiol Rev 53:948–1017.
Henstridge DC, Whitham M, Febbraio MA (2014) Chaperoning to the metabolic party: The emerging therapeutic role of
heat-shock proteins in obesity and type 2 diabetes. Mol Metab 3:781–93.
Hessemer V, Zeh A, Brück K (1986) Effects of passive heat adaptation and moderate sweatless conditioning on responses to
cold and heat. Eur J Appl Physiol Occup Physiol 55:281–289.
Hettinga FJ, De Koning JJ, de Vrijer A, Wüst RCI, Daanen HAM, Foster C (2007) The effect of ambient temperature on
gross-efficiency in cycling. Eur J Appl Physiol 101:465–71.
Hiestand WA, Stemler FW, Jasper RL (1955) Increased anoxic resistance resulting from short period heat adaptation. Proc
Soc Exp Biol Med 88:94–5.
Hill A V., Lupton H (1923) Muscular Exercise, Lactic Acid, and the Supply and Utilization of Oxygen. QJM os-16:135–171.
Hillman AR, Vince R V, Taylor L, McNaughton L, Mitchell N, Siegler J (2011) Exercise-induced dehydration with and
without environmental heat stress results in increased oxidative stress. Appl Physiol Nutr Metab 36:698–706.
Hodge D, Jones D, Martinez R, Buono MJ (2013) Time course of the attenuation of sympathetic nervous activity during
active heat acclimation. Auton Neurosci 177:101–103.
Holmes RL, Newman PP, Wolstencroft JH (1960) A heatsensitive region in the medulla. J Physiol 152:93–8.
Holmgren A, Mossfeldt F, Sjostrand T, Strom G (1960) Effect of training on work capacity, total hemoglobin, blood volume,
heart volume and pulse rate in recumbent and upright positions. Acta Physiol Scand 50:72–83.
Hom LL, Lee EC-H, Apicella JM, Wallace SD, Emmanuel H, Klau JF, Poh PYS, Marzano S, Armstrong LE, Casa DJ,
Maresh CM (2012) Eleven days of moderate exercise and heat exposure induces acclimation without significant
HSP70 and apoptosis responses of lymphocytes in college-aged males. Cell Stress Chaperones 17:29–39.
Hopkins SR, Bogaard HJ, Niizeki K, Yamaya Y, Ziegler MG, Wagner PD (2003) Beta-adrenergic or parasympathetic
inhibition, heart rate and cardiac output during normoxic and acute hypoxic exercise in humans. J Physiol 550:605–16.
Horowitz M (2014) Heat Acclimation, Epigenetics, and Cytoprotection Memory. Compr Physiol 4:199–230.
Horowitz M (2002) From molecular and cellular to integrative heat defense during exposure to chronic heat. Comp Biochem
Physiol A Mol Integr Physiol 131:475–83.
Horowitz M (2003) Matching the heart to heat-induced circulatory load: heat-acclimatory responses. News Physiol Sci
18:215–21.
Horowitz M (2007) Heat acclimation and cross-tolerance against novel stressors: genomic-physiological linkage. Prog Brain
Res 162:373–92.
Horowitz M, Assadi H (2010) Heat acclimation-mediated cross-tolerance in cardioprotection: do HSP70 and HIF-1alpha play
a role? Ann N Y Acad Sci 1188:199–206.
Horowitz M, Eli-berchoer L, Wapinski I, Friedman N, Kodesh E (2004) Stress-related genomic responses during the course
of heat acclimation and its association with ischemic-reperfusion cross-tolerance. J Appl Physiol 97:1496–507.
Horowitz M, Kodesh E (2010) Molecular signals that shape the integrative responses of the heat-acclimated phenotype. Med
Sci Sports Exerc 42:2164–72.
Horowitz M, Peyser YM, Muhlrad A (1986a) Alterations in cardiac myosin isoenzymes distribution as an adaptation to
chronic environmental heat stress in the rat. J Mol Cell Cardiol 18:511–5.
Horowitz M, Robinson SDM (2007) Heat shock proteins and the heat shock response during hyperthermia and its modulation
by altered physiological conditions. Neurobiol. Hyperth. pp 433–446
Horowitz M, Shimoni Y, Parnes S, Gotsman MS, Hasin Y (1986b) Heat acclimation: cardiac performance of isolated rat
heart. J Appl Physiol 60:9–13.

Page | 243

Horvath SM (1950) Oral and rectal temperatures of man. J Am Med Assoc 144:1562.
Hotchkiss R, Nunnally I, Lindquist S, Taulien J, Perdrizet G, Karl I (1993) Hyperthermia protects mice against the lethal
effects of endotoxin. Am J Physiol 265:R1447–57.
Houmard JA, Costill DL, Davis JA, Mitchell JB, Pascoe DD, Robergs RA (1990) The influence of exercise intensity on heat
acclimation in trained subjects. Med Sci Sport Exerc 22:615–620.
Howe AS, Boden BP (2007) Heat-related illness in athletes. Am J Sports Med 35:1384–95.
Howells J, Czesnik D, Trevillion L, Burke D (2013) Excitability and the safety margin in human axons during hyperthermia.
J Physiol 12:3063–3080.
Huang K-L, Wu C-P, Chen Y-L, Kang B-H, Lin Y-C (2003) Heat stress attenuates air bubble-induced acute lung injury: a
novel mechanism of diving acclimatization. J Appl Physiol 94:1485–90.
Hubbard RW, Bowers WD, Matthew WT, Curtis FC, Criss RE, Sheldon GM, Ratteree JW (1977) Rat model of acute
heatstroke mortality. J Appl Physiol 42:809–816.
Hyndman RJ, Fan Y (1996) Sample Quantiles in Statistical Packages on JSTOR. Am Stat 50:361–365.
Iguchi M, Littmann AE, Chang S-H, Wester L a, Knipper JS, Shields RK (2012) Heat stress and cardiovascular, hormonal,
and heat shock proteins in humans. J Athl Train 47:184–90.
Ilsley AH, Rutten AJ, Runciman WB (1983) An evaluation of body temperature measurement. Anaesth Intensive Care
11:31–9.
Inoue Y, Nakao M, Okudaira S, Ueda H, Araki T (1995) Seasonal variation in sweating responses of older and younger men.
Eur J Appl Physiol Occup Physiol 70:6–12.
Iyriboz Y, Powers S, Morrow J, Ayers D, Landry G (1991) Accuracy of pulse oximeters in estimating heart rate at rest and
during exercise. Br J Sports Med 25:162–164.
Jäättelä M, Wissing D (1993) Heat-shock proteins protect cells from monocyte cytotoxicity: possible mechanism of selfprotection. J Exp Med 177:231–6.
Jaeger JJ, Deal EC, Roberts DE, Ingram RH, McFadden ER (1980) Cold air inhalation and esophageal temperature in
exercising humans. Med Sci Sports Exerc 12:365–9.
James CA, Richardson AJ, Watt PW, Gibson OR, Maxwell NS (2015) Physiological responses to incremental exercise in the
heat following internal and external precooling. Scand J Med Sci Sports 25:190–199.
Jay O, Bain AR, Deren TM, Sacheli M, Cramer MN (2011) Large differences in peak oxygen uptake do not independently
alter changes in core temperature and sweating during exercise. Am J Physiol Regul Integr Comp Physiol 301:R832–
41.
Jay O, Kenny G (2007) The Determination of Changes in Body Heat Content during Exercise Using Calorimetry and
Thermometry. 10:19–29.
Jensen BN, Jensen FS, Madsen SN, Løssl K (2000) Accuracy of digital tympanic, oral, axillary, and rectal thermometers
compared with standard rectal mercury thermometers. Eur J Surg 166:848–51.
Jensen C, Wallen E, Wharton W, Moseley P (2003) The effect of heat shock proteins on thermotolerance and epithelial
function. J Investig Med 51:S147–S148.
Jessen C (2011) Interaction of Body Temperatures in Control of Thermoregulatory Effector Mechanisms - Comprehensive
Physiology. Compr Physiol 127–138.
Jeukendrup AE, Hesselink MK, Snyder AC, Kuipers H, Keizer HA (1992) Physiological changes in male competitive
cyclists after two weeks of intensified training. Int J Sports Med 13:534–41.
Johnson JD, Fleshner M (2006) Releasing signals, secretory pathways, and immune function of endogenous extracellular heat
shock protein 72. J Leukoc Biol 79:425–434.
Jokl E, Jokl P, Seaton DC (1969) Effect of altitude upon 1968 Olympic Games running performances. Int J Biometeorol
13:309–11.

Page | 244

Joyner MJ, Casey DP (2013) Muscle blood flow, hypoxia, and hypoperfusion. J Appl Physiol 116:852–857.
Joyner MJ, Casey DP (2015) Regulation of Increased Blood Flow (Hyperemia) to Muscles During Exercise: A Hierarchy of
Competing Physiological Needs. Physiol Rev 95:549–601.
Julian CG, Gore CJ, Wilber RL, Daniels JT, Fredericson M, Stray-Gundersen J, Hahn AG, Parisotto R, Levine BD (2004)
Intermittent normobaric hypoxia does not alter performance or erythropoietic markers in highly trained distance
runners. J Appl Physiol 96:1800–7.
Kampinga HH, Hageman J, Vos MJ, Kubota H, Tanguay RM, Bruford E a, Cheetham ME, Chen B, Hightower LE (2009)
Guidelines for the nomenclature of the human heat shock proteins. Cell Stress Chaperones 14:105–11.
Kampmann B, Bröde P, Schütte M, Griefahn B (2008) Lowering of resting core temperature during acclimation is influenced
by exercise stimulus. Eur J Appl Physiol 104:321–327.
Kanosue K, Sadato N, Okada T, Yoda T, Nakai S, Yoshida K, Hosono T, Nagashima K, Yagishita T, Inoue O, Kobayashi K,
Yonekura Y (2002) Brain activation during whole body cooling in humans studied with functional magnetic resonance
imaging. Neurosci Lett 329:157–60.
Karinen HM, Peltonen JE, Kähönen M, Tikkanen HO (2010) Prediction of acute mountain sickness by monitoring arterial
oxygen saturation during ascent. High Alt Med Biol 11:325–32.
Katayama K, Matsuo H, Ishida K, Mori S, Miyamura M (2003) Intermittent hypoxia improves endurance performance and
submaximal exercise efficiency. High Alt Med Biol 4:291–304.
Kelty JD, Noseworthy PA, Feder ME, Robertson RM, Ramirez J-M (2002) Thermal preconditioning and heat-shock protein
72 preserve synaptic transmission during thermal stress. J Neurosci 22:RC193.
Kenefick RW, Cheuvront SN, Palombo LJ, Ely BR, Sawka MN (2010) Skin temperature modifies the impact of
hypohydration on aerobic performance. J Appl Physiol 109:79–86.
Kenefick RW, Cheuvront SN, Sawka MN (2007) Thermoregulatory function during the marathon. Sports Med 37:312–5.
Kenny GP, Gagnon D, Dorman LE, Hardcastle SG, Jay O (2010) Heat balance and cumulative heat storage during exercise
performed in the heat in physically active younger and middle-aged men. Eur J Appl Physiol 109:81–92.
Kenny GP, Jay O (2013) Thermometry, calorimetry, and mean body temperature during heat stress. Compr Physiol 3:1689–
1719.
Kenny GP, Reardon FD, Zaleski W, Reardon ML, Haman F, Ducharme MB (2003) Muscle temperature transients before,
during, and after exercise measured using an intramuscular multisensor probe. J Appl Physiol 94:2350–7.
Khassaf M, Child RB, McArdle a, Brodie D a, Esanu C, Jackson MJ (2001) Time course of responses of human skeletal
muscle to oxidative stress induced by nondamaging exercise. J Appl Physiol 90:1031–5.
Khassaf M, McArdle A, Esanu C, Vasilaki A, McArdle F, Griffiths RD, Brodie DA, Jackson MJ (2003) Effect of vitamin C
supplements on antioxidant defence and stress proteins in human lymphocytes and skeletal muscle. J Physiol 549:645–
652.
King DS, Costill DL, Fink WJ, Hargreaves M, Fielding RA (1985) Muscle metabolism during exercise in the heat in
unacclimatized and acclimatized humans. J Appl Physiol 59:1350–4.
Kirwan JP, Costill DL, Kuipers H, Burrell MJ, Fink WJ, Kovaleski JE, Fielding RA (1987) Substrate utilization in leg
muscle of men after heat acclimation. J Appl Physiol 63:31–5.
Klausen K, Dill DB, Phillips EE, McGregor D (1967) Metabolic reactions to work in the desert. J Appl Physiol 22:292–6.
Knaupp W, Khilnani S, Sherwood J, Scharf S, Steinberg H (1992) Erythropoietin response to acute normobaric hypoxia in
humans. J Appl Physiol 73:837–40.
Kobayashi Y, Ando Y, Takeuchi S, Takemura K, Okuda N, Isobe Y, Takaba S, Ohara K (1980) Effects of heat acclimation
of distance runners in a moderately hot environment. Eur J Appl Physiol Occup Physiol 45:189–98.
Koistinen PO, Rusko H, Irjala K, Rajamaki A, Penttinen K, Sarparanta VP, Karpakka J, Leppaluoto J (2000) EPO, red cells,
and serum transferrin receptor in continuous and intermittent hypoxia. Med Sci Sports Exerc 32:800–804.
Kolka MA, Levine L, Stephenson LA (1997) Use of an ingestible telemetry sensor to measure core temperature under

Page | 245

chemical protective clothing. J Therm Biol 22:343–349.
Kolka MA, Quigley MD, Blanchard LA, Toyota DA, Stephenson LA (1993) Validation of a temperature telemetry system
during moderate and strenuous exercise. J Therm Biol 18:203–210.
Kregel KC (2002) Heat shock proteins: modifying factors in physiological stress responses and acquired thermotolerance. J
Appl Physiol 92:2177–86.
Kresfelder TL, Claassen N, Cronjé MJ (2006) Hsp70 Induction and hsp70 Gene polymorphisms as Indicators of
acclimatization under hyperthermic conditions. J Therm Biol 31:406–415.
Kubica R, Nielsen B, Bonnesen A, Rasmussen IB, Stokłosa J, Wilk B Relationship between plasma volume reduction and
plasma electrolyte changes after prolonged bicycle exercise, passive heating and diuretic dehydration. Acta Physiol Pol
34:569–79.
Kuennen M, Gillum T, Dokladny K, Bedrick E, Schneider S, Moseley P (2011) Thermotolerance and heat acclimation may
share a common mechanism in humans. Am J Physiol Regul Integr Comp Physiol 301:R524–33.
Ladell WSS (1951) Assessment of group acclimatization to heat and humidity. J Physiol 115:296–312.
Lafrenz AJ, Wingo JE, Ganio MS, Cureton KJ (2008) Effect of ambient temperature on cardiovascular drift and maximal
oxygen uptake. Med Sci Sports Exerc 40:1065–71.
Lakens D (2013) Calculating and reporting effect sizes to facilitate cumulative science: a practical primer for t-tests and
ANOVAs. Front Psychol 4:863.
Lamprecht M, Oettl K, Schwaberger G, Hofmann P, Greilberger JF (2009) Protein modification responds to exercise
intensity and antioxidant supplementation. Med Sci Sports Exerc 41:155–63.
Lancaster GI, Febbraio M a (2005a) Mechanisms of stress-induced cellular HSP72 release: implications for exercise-induced
increases in extracellular HSP72. Exerc Immunol Rev 11:46–52.
Lancaster GI, Febbraio M a. (2005b) Exosome-dependent trafficking of HSP70: A novel secretory pathway for cellular stress
proteins. J Biol Chem 280:23349–23355.
Lancaster GI, Møller K, Nielsen B, Secher NH, Febbraio M a, Nybo L (2004) Exercise induces the release of heat shock
protein 72 from the human brain in vivo. Cell Stress Chaperones 9:276–80.
Landry J, Bernier D, Chrétien P, Nicole LM, Tanguay RM, Marceau N (1982) Synthesis and degradation of heat shock
proteins during development and decay of thermotolerance. Cancer Res 42:2457–61.
Laursen PB, Francis GT, Abbiss CR, Newton MJ, Nosaka K (2007) Reliability of time-to-exhaustion versus time-trial
running tests in runners. Med Sci Sports Exerc 39:1374–9.
Lawler J, Powers SK, Thompson D (1988) Linear relationship between VO2max and VO2max decrement during exposure to
acute hypoxia. J Appl Physiol 64:1486–92.
Leblanc J (1969) Stress and interstress adaptation. Fed Proc 28:996–1000.
Lee BJ, Emery-Sinclair EL, Mackenzie RW, Hussain A, Taylor L, James RS, Thake CD (2014a) The impact of submaximal
exercise during heat and/or hypoxia on the cardiovascular and monocyte HSP72 responses to subsequent (post 24 h)
exercise in hypoxia. Extrem Physiol Med 3:15.
Lee BJ, Mackenzie RWA, Cox V, James RS, Thake CD (2014b) Human Monocyte Heat Shock Protein 72 Responses to
Acute Hypoxic Exercise after 3 Days of Exercise Heat Acclimation. Biomed Res Int 72:1–16.
Lee JKW, Nio AQX, Lim CL, Teo EYN, Byrne C (2010a) Thermoregulation, pacing and fluid balance during mass
participation distance running in a warm and humid environment. Eur J Appl Physiol 109:887–98.
Lee J-Y, Wakabayashi H, Wijayanto T, Tochihara Y (2010b) Differences in rectal temperatures measured at depths of 4-19
cm from the anal sphincter during exercise and rest. Eur J Appl Physiol 109:73–80.
Lee SM, Williams WJ, Fortney Schneider SM (2000) Core temperature measurement during supine exercise: esophageal,
rectal, and intestinal temperatures. Aviat Space Environ Med 71:939–45.
Lee WC, Wen HC, Chang CP, Chen MY, Lin MT (2006) Heat shock protein 72 overexpression protects against
hyperthermia, circulatory shock, and cerebral ischemia during heatstroke. J Appl Physiol 100:2073–82.

Page | 246

Leon LR, Helwig BG (2010) Heat stroke: role of the systemic inflammatory response. J Appl Physiol 109:1980–8.
Levi E, Vivi A, Hasin Y, Tassini M, Navon G, Horowitz M (1993a) Heat Acclimation Improves Cardiac Mechanics and
Metabolica Performance Duing Ischemia and Reperfusion. J Appl Physiol 75:833–839.
Levi E, Vivi A, Hasin Y, Tassini M, Navon G, Horowitz M (1993b) Heat acclimation improves cardiac mechanics and
metabolic performance during ischemia and reperfusion. J Appl Physiol 75:833–9.
Levine B, Stray-Gundersen J (1997) “Living high-training low”: effect of moderate-altitude acclimatization with low-altitude
training on performance. J Appl Physiol 83:102–12.
Levine BD (2008) .VO2max: what do we know, and what do we still need to know? J Physiol 586:25–34.
Levy E, Hasin Y, Navon G, Horowitz M (1997) Chronic heat improves mechanical and metabolic response of trained rat
heart on ischemia and reperfusion. Am J Physiol 272:H2085–94.
Lewis MJ, Pelham HR (1985) Involvement of ATP in the nuclear and nucleolar functions of the 70 kd heat shock protein.
EMBO J 4:3137–43.
Li PL, Chao YM, Chan SH, Chan JY (2001) Potentiation of baroreceptor reflex response by heat shock protein 70 in nucleus
tractus solitarii confers cardiovascular protection during heatstroke. Circulation 103:2114–9.
Lieberman DE (2015) Human locomotion and heat loss: an evolutionary perspective. Compr Physiol 5:99–117.
Lindquist S (1986) The heat-shock response. Annu Rev Biochem 55:1151–91.
Liu Y, Lormes W, Baur C, Opitz-Gress A, Altenburg D, Lehmann M, Steinacker JM (2000) Human skeletal muscle HSP70
response to physical training depends on exercise intensity. Int J Sports Med 21:351–5.
Liu Y, Lormes W, Wang L, Reissnecker S, Steinacker JM (2004) Different skeletal muscle HSP70 responses to highintensity strength training and low-intensity endurance training. Eur J Appl Physiol 91:330–5.
Liu Y, Mayr S, Opitz-Gress a, Zeller C, Lormes W, Baur S, Lehmann M, Steinacker JM (1999) Human skeletal muscle
HSP70 response to training in highly trained rowers. J Appl Physiol 86:101–4.
Liu Y, Steinacker JM (2001) Changes in skeletal muscle heat shock proteins: pathological significance. Front Biosci 6:D12–
25.
Livingston K, Brunt V, Francisco M, Ely B, Minson C (2015) Effect of chronic passive heating on resting heart rate, blood
pressure, and body core temperature. Int. J. Exerc. Sci. Conf. Proc. 8:
Livingstone SD, Grayson J, Frim J, Allen CL, Limmer RE (1983) Effect of cold exposure on various sites of core
temperature measurements. J Appl Physiol 54:1025–31.
Lorenzo S, Halliwill JR, Sawka MN, Minson CT (2010) Heat acclimation improves exercise performance. J Appl Physiol
109:1140–7.
Lorenzo S, Minson CT (2010) Heat acclimation improves cutaneous vascular function and sweating in trained cyclists. J
Appl Physiol 109:1736–43.
Lorenzo S, Minson CT, Babb TG, Halliwill JR (2011) Lactate threshold predicting time-trial performance: impact of heat and
acclimation. J Appl Physiol 111:221–7.
Low D, Purvis A, Reilly T, Cable NT (2005) The prolactin responses to active and passive heating in man. Exp Physiol
90:909–17.
Lu P-Z, Lai C-Y, Chan W-H (2008) Caffeine Induces Cell Death via Activation of Apoptotic Signal and Inactivation of
Survival Signal in Human Osteoblasts. Int J Mol Sci 9:698–718.
Lundby C, Van Hall G (2002) Substrate utilization in sea level residents during exercise in acute hypoxia and after 4 weeks
of acclimatization to 4100 m. Acta Physiol Scand 176:195–201.
Lunt HC, Barwood MJ, Corbett J, Tipton MJ (2010) Cross-adaptation: the effect cold habituation has on the physiological
responses to acute hypoxia in humans. J Physiol 588:3605–13.
Lunt HC, Corbett J, Barwood MJ, Tipton MJ (2011) Cycling cadence affects heart rate variability. Physiol Meas 32:1133–45.

Page | 247

MacDougall JD, Reddan WG, Layton CR, Dempsey JA (1974) Effects of metabolic hyperthermia on performance during
heavy prolonged exercise. J Appl Physiol 36:538–44.
Machado-Moreira CA, Vimieiro-Gomes AC, Silami-Garcia E, Lima NRV, Rodrigues LOC (2006) Possible Biphasic
Sweating Response during Short-term Heat Acclimation Protocol for Tropical Natives. J Physiol Anthropol 25:215–
219.
Magalhães FDC, Amorim FT, Passos RLF, Fonseca MA, Oliveira KPM, Lima MRM, Guimarães JB, Ferreira-Júnior JB,
Martini ARP, Lima NR V, Soares DD, Oliveira EM, Rodrigues LOC (2010a) Heat and exercise acclimation increases
intracellular levels of Hsp72 and inhibits exercise-induced increase in intracellular and plasma Hsp72 in humans. Cell
Stress Chaperones 15:885–95.
Magalhães FDC, Passos RLF, Fonseca MA, Oliveira KPM, Ferreira-Júnior JB, Martini ARP, Lima MRM, Guimarães JB,
Baraúna VG, Silami-Garcia E, Rodrigues LOC (2010b) Thermoregulatory efficiency is increased after heat
acclimation in tropical natives. J Physiol Anthropol 29:1–12.
Maloyan A, Eli-berchoer L, Semenza GL, Gerstenblith G, Stern MD, Horowitz M, Ger- G (2005) HIF-1alpha-targeted
pathways are activated by heat acclimation and contribute to acclimation-ischemic cross-tolerance in the heart. Physiol
Genomics 23:79–88.
Maloyan A, Horowitz M (2002) beta-Adrenergic signaling and thyroid hormones affect HSP72 expression during heat
acclimation. J Appl Physiol 93:107–15.
Maloyan A, Palmon A, Horowitz M (1999) Heat acclimation increases the basal HSP72 level and alters its production
dynamics during heat stress. Am J Physiol 276:R1506–15.
Maloyan A, Palmon A, Horowitz M, Tetievsky A, Cohen O, Eli-berchoer L, Gerstenblith G, Stern MD, Mcclung JP, Hasday
JD, He J, Montain SJ, Cheuvront SN, Sawka N, Singh IS, Melling CWJ, Thorp DB, Milne KJ, Krause MP, Noble EG,
Horo- M (2011) Heat acclimation increases the basal HSP72 level and alters its production dynamics during heat stress
memory.
Mariak Z (2002) Intracranial temperature recordings in human subjects. The contribution of the neurosurgeon to thermal
physiology. J Therm Biol 27:219–228.
Mariak Z, Bondyra Z, Piekarska M (1993) The temperature within the circle of Willis versus tympanic temperature in resting
normothermic humans. Eur J Appl Physiol Occup Physiol 66:518–20.
Maron MB, Wagner JA, Horvath SM (1977) Thermoregulatory responses during competitive marathon running. J Appl
Physiol 42:909–14.
Marshall HC, Campbell SA, Roberts CW, Nimmo MA (2007) Human physiological and heat shock protein 72 adaptations
during the initial phase of humid-heat acclimation. J Therm Biol 32:341–348.
Marshall HC, Ferguson RA, Nimmo MA (2006) Human resting extracellular heat shock protein 72 concentration decreases
during the initial adaptation to exercise in a hot, humid environment. Cell Stress Chaperones 11:129–134.
Martinez R, Jones D, Hodge D, Buono MJ (2012) Blocking the beta-adrenergic system does not affect sweat gland function
during heat acclimation. Auton Neurosci 169:113–5.
Martini F (2003) Fundamentals of Anatomy & Physiology, 6th Editio.
Mauger AR, Metcalfe AJ, Taylor L, Castle PC (2013) The efficacy of the self-paced V̇ O2max test to measure maximal
oxygen uptake in treadmill running. Appl Physiol Nutr Metab 38:1211–6.
Maughan RJ, Otani H, Watson P (2012) Influence of relative humidity on prolonged exercise capacity in a warm
environment. Eur J Appl Physiol 112:2313–21.
Mazzeo RS (2008) Physiological responses to exercise at altitude - An update. Sport Med 38:1–8.
Mazzeo RS, Bender PR, Brooks GA, Butterfield GE, Groves BM, Sutton JR, Wolfel EE, Reeves JT (1991) Arterial
catecholamine responses during exercise with acute and chronic high-altitude exposure. Am J Physiol 261:E419–24.
Mazzeo RS, Brooks GA, Butterfield GE, Podolin DA, Wolfel EE, Reeves JT (1995) Acclimatization to high altitude increase
muscle sympathetic activity both at rest and during exercise. Am J Physiol 269:R201–7.
Mazzeo RS, Wolfel EE, Butterfield GE, Reeves JT (1994) Sympathetic response during 21 days at high altitude (4,300 m) as
determined by urinary and arterial catecholamines. Metabolism 43:1226–32.

Page | 248

McClung JP, Hasday JD, He J-RR, Montain SJ, Cheuvront SN, Sawka MN, Singh IS (2008) Exercise-heat acclimation in
humans alters baseline levels and ex vivo heat inducibility of HSP72 and HSP90 in peripheral blood mononuclear
cells. Am J Physiol Regul Integr Comp Physiol 294:R185–91.
McKenzie JE, Osgood DW (2004) Validation of a new telemetric core temperature monitor. J Therm Biol 29:605–611.
McLellan TM (2001) The importance of aerobic fitness in determining tolerance to uncompensable heat stress. Comp
Biochem Physiol A Mol Integr Physiol 128:691–700.
Mead J, Bonmarito CL (1949) Reliability of Rectal Temperatures as an Index of Internal Body Temperature. J Appl Physiol
2:97–109.
Medicine AC of S (2013) ACSM’s Guidelines for Exercise Testing and Prescription. Lippincott Williams & Wilkins
Mee JA, Doust J, Maxwell NS (2015a) Repeatability of a running heat tolerance test. J Therm Biol 49-50:91–97.
Mee JA, Gibson OR, Doust JJH, Maxwell NS (2015b) A comparison of males and females’ temporal patterning to short- and
long-term heat acclimation. Scand J Med Sci Sports 25:250–258.
Mehnert P, Malchaire J, Kampmann B, Piette A, Griefahn B, Gebhardt H (2000) Prediction of the average skin temperature
in warm and hot environments. Eur J Appl Physiol 82:52–60.
Mekjavic IB, Eiken O (2006) Contribution of thermal and nonthermal factors to the regulation of body temperature in
humans. J Appl Physiol 100:2065–72.
Mekjavić IB, Rempel ME (1990) Determination of esophageal probe insertion length based on standing and sitting height. J
Appl Physiol 69:376–9.
Mellergård P (1994) Monitoring of rectal, epidural, and intraventricular temperature in neurosurgical patients. Acta
Neurochir Suppl (Wien) 60:485–7.
Mengozzi M, Cervellini I, Bigini P, Martone S, Biondi A, Pedotti R, Gallo B, Barbera S, Mennini T, Boraso M, Marinovich
M, Petit E, Bernaudin M, Bianchi R, Viviani B, Ghezzi P Endogenous erythropoietin as part of the cytokine network
in the pathogenesis of experimental autoimmune encephalomyelitis. Mol Med 14:682–8.
Mengozzi M, Latini R, Salio M, Sfacteria A, Piedimonte G, Gerwien JG, Leist M, Siren AL, Ghezzi P, Chimenti S (2006)
Increased erythropoietin production after myocardial infarction in mice. Heart 92:838–9.
Mestre-Alfaro A, Ferrer MD, Banquells M, Riera J, Drobnic F, Sureda A, Tur JA, Pons A (2012) Body temperature
modulates the antioxidant and acute immune responses to exercise. Free Radic Res 46:799–808.
Meyer F, Bar-Or O, MacDougall D, Heigenhauser GJ (1992) Sweat electrolyte loss during exercise in the heat: effects of
gender and maturation. Med Sci Sports Exerc 24:776–81.
Millet GP, Roels B, Schmitt L, Woorons X, Richalet JP (2010a) Combining hypoxic methods for peak performance. Sports
Med 40:1–25.
Millet GP, Roels B, Schmitt L, Woorons X, Richalet J-P (2010b) Combining Hypoxic Methods for Peak Performance. Sport
Med 40:1–25.
Milne KJ, Noble EG (2002) Exercise-induced elevation of HSP70 is intensity dependent. J Appl Physiol 93:561–8.
Minet E, Mottet D, Michel G, Roland I, Raes M, Remacle J, Michiels C (1999) Hypoxia-induced activation of HIF-1: role of
HIF-1α-Hsp90 interaction. FEBS Lett 460:251–256.
Mitchell D, Senay LC, Wyndham CH, van Rensburg AJ, Rogers GG, Strydom NB (1976) Acclimatization in a hot, humid
environment: energy exchange, body temperature, and sweating. J Appl Physiol 40:768–778.
Mitchell D, Wyndham CH (1969) Comparison of weighting formulas for calculating mean skin temperature. J Appl Physiol
26:616–22.
Mittleman KD, Mekjavić IB (1988) Effect of occluded venous return on core temperature during cold water immersion. J
Appl Physiol 65:2709–13.
Miyagawa K, Kamijo Y-I, Ikegawa S, Goto M, Nose H (2011) Reduced hyperthermia-induced cutaneous vasodilation and
enhanced exercise-induced plasma water loss at simulated high altitude (3,200 m) in humans. J Appl Physiol 110:157–
65.

Page | 249

Mizera F, Horváth G (2002) Influence of environmental factors on shot put and hammer throw range. J Biomech 35:785–96.
Mizzen LA, Welch WJ (1988) Characterization of the thermotolerant cell. I. Effects on protein synthesis activity and the
regulation of heat-shock protein 70 expression. J Cell Biol 106:1105–16.
Molnar GW, Read RC (1974) Studies during open-heart surgery on the special characteristics of rectal temperature. J Appl
Physiol 36:333–6.
Montain SJ, Coyle EF (1992) Influence of graded dehydration on hyperthermia and cardiovascular drift during exercise. J
Appl Physiol 73:1340–50.
Montain SJ, Sawka MN, Cadarette BS, Quigley MD, McKay JM (1994) Physiological tolerance to uncompensable heat
stress: effects of exercise intensity, protective clothing, and climate. J Appl Physiol 77:216–22.
Moore LG, Niermeyer S, Zamudio S (1998) Human adaptation to high altitude: Regional and life-cycle perspectives. Am J
Phys Anthropol 107:25–64.
Moran DS, Eli-Berchoer L, Heled Y, Mendel L, Schocina M, Horowitz M (2006) Heat intolerance: does gene transcription
contribute? J Appl Physiol 100:1370–6.
Moran DS, Montain SJ, Pandolf KB (1998) Evaluation of different levels of hydration using a new physiological strain
index. Am J Physiol 275:R854–60.
Mora-Rodriguez R, Del Coso J, Estevez E (2008) Thermoregulatory responses to constant versus variable-intensity exercise
in the heat. Med Sci Sports Exerc 40:1945–52.
Morimoto T, Slabochova Z, Naman RK, Sargent F (1967) Sex differences in physiological reactions to thermal stress. J Appl
Physiol 22:526–32.
Morimoto, R. Tissieres, A. Georgopoulos C (1994) The biology of heat shock proteins and molecular chaperones. Cold
Spring Harbor Laboratory Press, Plainview
Morton JP, Holloway K, Woods P, Cable NT, Burniston J, Evans L, Kayani AC, McArdle A (2009a) Exercise traininginduced gender-specific heat shock protein adaptations in human skeletal muscle. Muscle Nerve 39:230–3.
Morton JP, Kayani AC, McArdle A, Drust B (2009b) The Exercise-Induced Stress Response of Skeletal Muscle, with
Specific Emphasis on Humans. Sport Med 39:643–662.
Morton JP, MacLaren DPM, Cable NT, Bongers T, Griffiths RD, Campbell IT, Evans L, Kayani A, McArdle A, Drust B
(2006) Time course and differential responses of the major heat shock protein families in human skeletal muscle
following acute nondamaging treadmill exercise. J Appl Physiol 101:176–82.
Moseley P (2000a) Stress proteins and the immune response. Immunopharmacology 48:299–302.
Moseley PL (1997) Heat shock proteins and heat adaptation of the whole organism. J Appl Physiol 83:1413–1417.
Moseley PL (2000b) Exercise, stress, and the immune conversation. Exerc Sport Sci Rev 28:128–32.
Mujika I, Padilla S, Pyne D, Busso T (2004) Physiological changes associated with the pre-event taper in athletes. Sport Med
34:891–927.
Müller E, Munker R, Issels R, Wilmanns W (1993) Interaction between tumor necrosis factor-alpha and HSP 70 in human
leukemia cells. Leuk Res 17:523–6.
Multhoff G, Hightower LE (1996) Cell surface expression of heat shock proteins and the immune response. Cell Stress
Chaperones 1:167–76.
Muza SR, Beidleman BA, Fulco CS (2010) Altitude preexposure recommendations for inducing acclimatization. High Alt
Med Biol 11:87–92.
Nadel ER (1980) Circulatory and thermal regulations during exercise. Fed Proc 39:1491–7.
Nadel ER, Fortney SM, Wenger CB (1980) Effect of hydration state of circulatory and thermal regulations. J Appl Physiol
49:715–21.
Nadel ER, Pandolf KB, Roberts MF, Stolwijk JA (1974) Mechanisms of thermal acclimation to exercise and heat. J Appl
Physiol 37:515–20.

Page | 250

Nagano C, Tsutsui T, Monji K, Sogabe Y, Idota N, Horie S (2010) Technique for continuously monitoring core body
temperatures to prevent heat stress disorders in workers engaged in physical labor. J Occup Health 52:167–75.
Nakamura M, Yoda T, Crawshaw LI, Yasuhara S, Saito Y, Kasuga M, Nagashima K, Kanosue K (2008) Regional
differences in temperature sensation and thermal comfort in humans. J Appl Physiol 105:1897–906.
Neal RA, Corbett J, Massey HC, Tipton MJ (2015) Effect of short-term heat acclimation with permissive dehydration on
thermoregulation and temperate exercise performance. Scand J Med Sci Sports 10.1111/sms.12526.
Nevill ME, Garrett A, Maxwell NS, Parsons KC, Norwitz A (1995) Thermal strain of intermittent and continuous exercise at
10 and 35 °C in man. J Physiol 483:124–125.
Nielsen B, Hales JR, Strange S, Christensen NJ, Warberg J, Saltin B (1993) Human circulatory and thermoregulatory
adaptations with heat acclimation and exercise in a hot, dry environment. J Physiol 460:467–485.
Nielsen B, Hyldig T, Bidstrup F, González-Alonso J, Christoffersen GR (2001) Brain activity and fatigue during prolonged
exercise in the heat. Pflugers Arch 442:41–8.
Nielsen B, Nielsen M (1962) Body temperature during work at different environmental temperatures. Acta Physiol Scand
56:120–9.
Nielsen B, Nybo L (2003) Cerebral changes during exercise in the heat. Sports Med 33:1–11.
Nielsen B, Strange S, Christensen NJ, Warberg J, Saltin B (1997) Acute and adaptive responses in humans to exercise in a
warm, humid environment. Pflugers Arch 434:49–56.
Niess AM, Hartmann A, Grünert-Fuchs M, Poch B, Speit G (1996) DNA damage after exhaustive treadmill running in
trained and untrained men. Int J Sports Med 17:397–403.
Njemini R, Demanet C, Mets T (2004) Inflammatory status as an important determinant of heat shock protein 70 serum
concentrations during aging. Biogerontology 5:31–8.
Noakes TD, Marino FE (2007) Arterial oxygenation, central motor output and exercise performance in humans. J Physiol
585:919–21; author reply 923–4.
Noakes TD, Marino FE (2009) Point: maximal oxygen uptake is limited by a central nervous system governor. J Appl
Physiol 106:338–9; discussion 341.
Noakes TD, St Clair Gibson A, Lambert E V (2005) From catastrophe to complexity: a novel model of integrative central
neural regulation of effort and fatigue during exercise in humans: summary and conclusions. Br J Sports Med 39:120–
4.
Norton K, Olds T, Commission AS (1996) Anthropometrica: A Textbook of Body Measurement for Sports and Health
Courses. UNSW Press
Nose H, Morimoto T, Ogura K (1983) Distribution of water losses among fluid compartments of tissues under thermal
dehydration in the rat. Jpn J Physiol 33:1019–29.
Nybo L (2008) Hyperthermia and fatigue. J Appl Physiol 104:871–8.
Nybo L (2007) Exercise and heat stress: cerebral challenges and consequences. Prog Brain Res 162:29–43.
Nybo L, Jensen T, Nielsen B, González-Alonso J (2001) Effects of marked hyperthermia with and without dehydration on
VO(2) kinetics during intense exercise. J Appl Physiol 90:1057–64.
Nybo L, Nielsen B (2001a) Hyperthermia and central fatigue during prolonged exercise in humans. J Appl Physiol 91:1055–
60.
Nybo L, Nielsen B (2001b) Middle cerebral artery blood velocity is reduced with hyperthermia during prolonged exercise in
humans. J Physiol 534:279–86.
Nybo L, Nielsen B (2001c) Perceived exertion is associated with an altered brain activity during exercise with progressive
hyperthermia. J Appl Physiol 91:2017–2023.
Nybo L, Rasmussen P (2007) Inadequate cerebral oxygen delivery and central fatigue during strenuous exercise. Exerc Sport
Sci Rev 35:110–8.

Page | 251

Nybo L, Secher NH, Nielsen B (2002) Inadequate heat release from the human brain during prolonged exercise with
hyperthermia. J Physiol 545:697–704.
Oehler R, Pusch E, Zellner M, Dungel P, Hergovics N, Homoncik M, Eliasen MM, Brabec M, Roth E (2001) Cell typespecific variations in the induction of hsp70 in human leukocytes by feverlike whole body hyperthermia. Cell Stress
Chaperones 6:306–15.
Ogawa K, Seta R, Shimizu T, Shinkai S, Calderwood SK, Nakazato K, Takahashi K (2011) Plasma adenosine triphosphate
and heat shock protein 72 concentrations after aerobic and eccentric exercise. Exerc Immunol Rev 17:136–49.
Ogawa T, Ohnishi N, Yamashita Y, Sugenoya J, Asayama M, Miyagawa T (1988) Effect of facial cooling during heat
acclimation process on adaptive changes in sweating activity. Jpn J Physiol 38:479–90.
Ogawa T, Sugenoya J, Ohnishi N, Natsume K, Imai K, Kandori Y, Ishizuka A, Osada A (1993) Effects of body and head
positions on bilateral difference in tympanic temperatures. Eur J Appl Physiol Occup Physiol 67:354–9.
Ogura Y, Naito H, Akin S, Ichinoseki-Sekine N, Kurosaka M, Kakigi R, Sugiura T, Powers SK, Katamoto S, Demirel H a
(2008) Elevation of body temperature is an essential factor for exercise-increased extracellular heat shock protein 72
level in rat plasma. Am J Physiol Regul Integr Comp Physiol 294:R1600–7.
Oishi Y, Taniguchi K, Matsumoto H, Ishihara A, Ohira Y, Roy RR (2002) Muscle type-specific response of HSP60, HSP72,
and HSC73 during recovery after elevation of muscle temperature. J Appl Physiol 92:1097–103.
Ortega E, Giraldo E, Hinchado MD, Martínez M, Ibáñez S, Cidoncha a, Collazos ME, García JJ (2006) Role of Hsp72 and
norepinephrine in the moderate exercise-induced stimulation of neutrophils’ microbicide capacity. Eur J Appl Physiol
98:250–5.
Otte JA, Oostveen E, Geelkerken RH, Groeneveld AB, Kolkman JJ (2001) Exercise induces gastric ischemia in healthy
volunteers: a tonometry study. J Appl Physiol 91:866–71.
Palmer BF, Clegg DJ (2014) Ascent to altitude as a weight loss method: The good and bad of hypoxia inducible factor
activation. Obesity (Silver Spring) 22:311–7.
Pandolf KB (1998) Time course of heat acclimation and its decay. Int J Sports Med 19 Suppl 2:S157–60.
Pandolf KB (1978) Influence of local and central factors in dominating rated perceived exertion during physical work.
Percept Mot Skills 46:683–98.
Pandolf KB (1979) Effects of physical training and cardiorespiratory physical fitness on exercise-heat tolerance: recent
observations. Med Sci Sports 11:60–5.
Pandolf KB, Burse RL, Goldman RF (1977) Role of physical fitness in heat acclimatisation, decay and reinduction.
Ergonomics 20:399–408.
Pandolf KB, Cadarette BS, Sawka MN, Young AJ, Francesconi RP, Gonzalez RR (1988) Thermoregulatory responses of
middle-aged and young men during dry-heat acclimation. J Appl Physiol 65:65–71.
Pandolf KB, Cafarelli E, Noble BJ, Metz KF (1972) Perceptual responses during prolonged work. Percept Mot Skills 35:975–
85.
Papandreou I, Cairns RA, Fontana L, Lim AL, Denko NC (2006) HIF-1 mediates adaptation to hypoxia by actively
downregulating mitochondrial oxygen consumption. Cell Metab 3:187–97.
Parsons K (2014) Human Thermal Environments: The Effects of Hot, Moderate, and Cold Environments on Human Health,
Comfort, and Performance, Third Edition. CRC Press
Passfield L, Coakley S (2014) Comparing time-trial and time to exhaustion performance. J Sci Cycl 3:39.
Patterson MJ, Stocks JM, Taylor N a S (2014) Whole-body fluid distribution in humans during dehydration and recovery,
before and after humid-heat acclimation induced using controlled hyperthermia. Acta Physiol (Oxf) 210:899–912.
Patterson MJ, Stocks JM, Taylor NAS (2004a) Sustained and generalized extracellular fluid expansion following heat
acclimation. J Physiol 559:327–34.
Patterson MJ, Stocks JM, Taylor NAS (2004b) Humid heat acclimation does not elicit a preferential sweat redistribution
toward the limbs. Am J Physiol Regul Integr Comp Physiol 286:R512–R518.

Page | 252

Paul M, Poyan Mehr A, Kreutz R (2006) Physiology of local renin-angiotensin systems. Physiol Rev 86:747–803.
Peacock AJ (1998) ABC of oxygen: oxygen at high altitude. BMJ 317:1063–6.
Pearson J, Ganio MS, Seifert T, Overgaard M, Secher NH, Crandall CG (2012) Pulmonary artery and intestinal temperatures
during heat stress and cooling. Med Sci Sports Exerc 44:857–62.
Pembrey MS (1898) Observations upon the Deep and Surface Temperature of the Human Body. J Physiol 23:386–406.
Pendergast DR (1988) The effect of body cooling on oxygen transport during exercise. Med Sci Sports Exerc 20:S171–6.
Pennes HH (1948) Analysis of Tissue and Arterial Blood Temperatures in the Resting Human Forearm. J Appl Physiol 1:93–
122.
Périard JD, Caillaud C, Thompson MW (2012a) The role of aerobic fitness and exercise intensity on endurance performance
in uncompensable heat stress conditions. Eur J Appl Physiol 112:1989–99.
Périard JD, Cramer MN, Chapman PG, Caillaud C, Thompson MW (2011a) Cardiovascular strain impairs prolonged selfpaced exercise in the heat. Exp Physiol 96:134–44.
Périard JD, Cramer MN, Chapman PG, Caillaud C, Thompson MW (2011b) Neuromuscular function following prolonged
intense self-paced exercise in hot climatic conditions. Eur J Appl Physiol 111:1561–9.
Périard JD, Racinais S, Sawka MN (2015) Adaptations and mechanisms of human heat acclimation: Applications for
competitive athletes and sports. Scand J Med Sci Sports 25:20–38.
Périard JD, Ruell P, Caillaud C, Thompson MW (2012b) Plasma Hsp72 (HSPA1A) and Hsp27 (HSPB1) expression under
heat stress: influence of exercise intensity. Cell Stress Chaperones 17:375–83.
Péronnet F, Thibault G, Cousineau DL (1991) A theoretical analysis of the effect of altitude on running performance. J Appl
Physiol 70:399–404.
Petersen CJ, Portus MR, Pyne DB, Dawson BT, Cramer MN, Kellett AD (2010) Partial heat acclimation in cricketers using a
4-day high intensity cycling protocol. Int J Sports Physiol Perform 5:535–45.
Piantadosi CA (2003) The Biology of Human Survival : Life and Death in Extreme Environments: Life and Death in Extreme
Environments. Oxford University Press
Pierau FK (2011) Peripheral Thermosensors. Compr Physiol 85–104.
Pirnay F, Deroanne R, Petit JM (1970) Maximal oxygen consumption in a hot environment. J Appl Physiol 28:642–645.
Piwonka RW, Robinson S, Gay VL, Manalis RS (1965) Preacclimatization of men to heat by training. J Appl Physiol
20:379–83.
Pockley AG, Shepherd J, Corton JM (1998) Detection of heat shock protein 70 (Hsp70) and anti-Hsp70 antibodies in the
serum of normal individuals. Immunol Invest 27:367–377.
Poirier MP, Gagnon D, Friesen BJ, Hardcastle SG, Kenny GP (2015) Whole-Body Heat Exchange during Heat Acclimation
and Its Decay. Med Sci Sports Exerc 47:390–400.
Povea C, Schmitt L, Brugniaux J, Nicolet G, Richalet J-P, Fouillot J-P (2005) Effects of intermittent hypoxia on heart rate
variability during rest and exercise. High Alt Med Biol 6:215–25.
Powers SK, Lawler J, Dempsey JA, Dodd S, Landry G (1989) Effects of incomplete pulmonary gas exchange on VO2 max. J
Appl Physiol 66:2491–5.
Prajapati B, Dunne M, Armstrong R (2010) Sample size estimation and statistical power analyses. Optom. Today
Prommer N, Schmidt W (2007) Loss of CO from the intravascular bed and its impact on the optimised CO-rebreathing
method. Eur J Appl Physiol 100:383–391.
Pugh CW, Ratcliffe PJ (2003) Regulation of angiogenesis by hypoxia: role of the HIF system. Nat Med 9:677–84.
Racinais S, Buchheit M, Bilsborough J, Bourdon PC, Cordy J, Coutts AJ (2014a) Physiological and performance responses to
a training camp in the heat in professional Australian football players. Int J Sports Physiol Perform 9:598–603.

Page | 253

Racinais S, Mohr M, Buchheit M, Voss S, Nybo L (2012a) Heat acclimatization in semi professional soccer players. FASEB
J 26:1084.7.
Racinais S, Mohr M, Buchheit M, Voss SC, Gaoua N, Grantham J, Nybo L (2012b) Individual responses to short-term heat
acclimatisation as predictors of football performance in a hot, dry environment. Br J Sports Med 46:810–5.
Racinais S, Périard JD, Karlsen A, Nybo L (2014b) Effect of Heat and Heat-Acclimatization on Cycling Time-Trial
Performance and Pacing. Med. Sci. Sports Exerc.
Rajaratnam SM, Arendt J (2001) Health in a 24-h society. Lancet 358:999–1005.
Ramanathan NL (1964) A new weighting system for mean surface temperature of the human body. J Appl Physiol 19:531–3.
Rasmussen P, Stie H, Nybo L, Nielsen B (2004) Heat induced fatigue and changes of the EEG is not related to reduced
perfusion of the brain during prolonged exercise in humans. J Therm Biol 29:731–737.
Rattner BA, Gruenau SP, Altland PD (1979) Cross-adaptive effects of cold, hypoxia, or physical-training on decompressionsickness in mice. J Appl Physiol 47:412–417.
Ravanelli NM, Cramer MN, Molgat-Seon Y, Carlsen AN, Jay O (2014) Do greater rates of body heat storage precede the
accelerated reduction of self-paced exercise intensity in the heat? Eur J Appl Physiol 114:2399–2410.
Ravanelli NM, Hodder SG, Havenith G, Jay O, Rate H, Responses BT, With H, Fans E (2015) Heart Rate and Body
Temperature Responses to Extreme Heat and Humidity With and Without Electric Fans. JAMA 313:724–725.
Regan JM, Macfarlane DJ, Taylor NA (1996) An evaluation of the role of skin temperature during heat adaptation. Acta
Physiol Scand 158:365–75.
Rhind SG, Gannon GA, Shephard RJ, Buguet A, Shek PN, Radomski MW (2004) Cytokine induction during exertional
hyperthermia is abolished by core temperature clamping: neuroendocrine regulatory mechanisms. Int J Hyperthermia
20:503–16.
Richardson AJ, Gibson OR (2014) Simulated hypoxia does not further improve aerobic capacity during sprint interval
training. J Sports Med Phys Fitness 55:1099–106.
Riddell MC (2008) The endocrine response and substrate utilization during exercise in children and adolescents. J Appl
Physiol 105:725–33.
Ritossa FM (1962) A new puffing pattern induced by temperature shock and DNP in Drosophila. Experientia 18:571–573.
Roach GD, Sargent C, Darwent D, Kennaway DJ, Ferguson SA (2010) Lost in transit: The journey of ingestible temperature
sensors through the human digestive tract. Ergonomia 49–61.
Roach RC, Maes D, Sandoval D, Robergs RA, Icenogle M, Hinghofer-Szalkay H, Lium D, Loeppky JA (2000) Exercise
exacerbates acute mountain sickness at simulated high altitude. J Appl Physiol 88:581–5.
Robach P, Bonne T, Flück D, Bürgi S, Toigo M, Jacobs RA, Lundby C (2014) Hypoxic training: effect on mitochondrial
function and aerobic performance in hypoxia. Med Sci Sports Exerc 46:1936–45.
Roberts MF, Wenger CB, Stolwijk JA, Nadel ER (1977) Skin blood flow and sweating changes following exercise training
and heat acclimation. J Appl Physiol 43:133–7.
Robinson S (1963) Temperature Regulation In Exercise. Pediatrics 32:691–702.
Robinson S, Turrell ES, Belding HS, Horvath SM (1943) Rapid Acclimatization to Work in Hot Environments. Am J Physiol
-- Leg Content 140:168–176.
Rodríguez FA, Ventura JL, Casas M, Casas H, Pagés T, Rama R, Ricart A, Palacios L, Viscor G (2000) Erythropoietin acute
reaction and haematological adaptations to short, intermittent hypobaric hypoxia. Eur J Appl Physiol 82:170–7.
Roelands B, Goekint M, Heyman E, Piacentini MF, Watson P, Hasegawa H, Buyse L, Pauwels F, De Schutter G, Meeusen R
(2008) Acute norepinephrine reuptake inhibition decreases performance in normal and high ambient temperature. J
Appl Physiol 105:206–12.
Romanovsky AA (2007) Thermoregulation: some concepts have changed. Functional architecture of the thermoregulatory
system. Am J Physiol Regul Integr Comp Physiol 292:R37–46.

Page | 254

Romer LM, Haverkamp HC, Amann M, Lovering AT, Pegelow DF, Dempsey J a (2007) Effect of acute severe hypoxia on
peripheral fatigue and endurance capacity in healthy humans. Am J Physiol Regul Integr Comp Physiol 292:R598–606.
Ross EZ, Cotter JD, Wilson L, Fan J-L, Lucas SJE, Ainslie PN (2012) Cerebrovascular and corticomotor function during
progressive passive hyperthermia in humans. J Appl Physiol 112:748–58.
Rowell LB (1974) Human cardiovascular adjustments to exercise and thermal stress. Physiol Rev 54:75–159.
Rowell LB, Brengelmann GL, Blackmon JR, Murray JA (1970) Redistribution of blood flow during sustained high skin
temperature in resting man. J Appl Physiol 28:415–20.
Rowell LB, Brengelmann GL, Freund PR (1987) Unaltered norepinephrine-heart rate relationship in exercise with exogenous
heat. J Appl Physiol 62:646–50.
Rowell LB, Brengelmann GL, Murray JA (1969a) Cardiovascular responses to sustained high skin temperature in resting
man. J Appl Physiol 27:673–80.
Rowell LB, Brengelmann GL, Murray JA, Kraning KK, Kusumi F (1969b) Human metabolic responses to hyperthermia
during mild to maximal exercise. J Appl Physiol 26:395–402.
Rowell LB, Kraning KK, Kennedy JW, Evans TO (1967) Central circulatory responses to work in dry heat before and after
acclimatization. J Appl Physiol 22:509–18.
Rowell LB, Marx HJ, Bruce RA, Conn RD, Kusumi F (1966) Reductions in cardiac output, central blood volume, and stroke
volume with thermal stress in normal men during exercise. J Clin Invest 45:1801–16.
Rubin A, Horvath SM, Mellette HC (1951) Effect of Fecal Bacterial Activity on Rectal Temperature of Man. Exp Biol Med
76:410–411.
Ruddock AD, Tew GA, Purvis AJ (2014) Reliability of intestinal temperature using an ingestible telemetry pill system during
exercise in a hot environment. J Strength Cond Res 28:861–9.
Ruell PA, Simar D, Périard JD, Best S, Caillaud C, Thompson MW (2014) Plasma and lymphocyte Hsp72 responses to
exercise in athletes with prior exertional heat illness. Amino Acids
Ruell PA, Thompson MW, Hoffman KM, Brotherhood JR, Richards D a B (2006) Plasma Hsp72 is higher in runners with
more serious symptoms of exertional heat illness. Eur J Appl Physiol 97:732–6.
Rusko HK, Tikkanen HO, Peltonen JE (2004) Altitude and endurance training. J Sports Sci 22:928–44; discussion 945.
Ryan AJ, Gisolfi C V, Moseley PL (1991) Synthesis of 70K stress protein by human leukocytes: effect of exercise in the
heat. J Appl Physiol 70:466–71.
Saat M, Sirisinghe RG, Singh R, Tochihara Y (2005) Decay of heat acclimation during exercise in cold and exposure to cold
environment. Eur J Appl Physiol 95:313–20.
Salgado RM, White AC, Schneider SM, Mermier CM (2014) A Novel Mechanism for Cross-Adaptation between Heat and
Altitude Acclimation: The Role of Heat Shock Protein 90. Physiol J 2014:1–12.
Saltin B, Gagge AP, Stolwijk JA (1968) Muscle temperature during submaximal exercise in man. J Appl Physiol 25:679–88.
Saltin B, Rådegran G, Koskolou MD, Roach RC (1998) Skeletal muscle blood flow in humans and its regulation during
exercise. Acta Physiol Scand 162:421–36.
Sandström ME, Madden L a, Taylor L, Siegler JC, Lovell RJ, Midgley A, McNaughton L (2009) Variation in basal heat
shock protein 70 is correlated to core temperature in human subjects. Amino Acids 37:279–84.
Sandström ME, Siegler JC, Lovell RJ, Madden L a, McNaughton L (2008) The effect of 15 consecutive days of heat-exercise
acclimation on heat shock protein 70. Cell Stress Chaperones 13:169–75.
Sareh H, Tulapurkar ME, Shah NG, Singh IS, Hasday JD (2011) Response of mice to continuous 5-day passive hyperthermia
resembles human heat acclimation. Cell Stress Chaperones 16:297–307.
Sarge KD, Murphy SP, Morimoto RI (1993) Activation of heat shock gene transcription by heat shock factor 1 involves
oligomerization, acquisition of DNA-binding activity, and nuclear localization and can occur in the absence of stress.
Mol Cell Biol 13:1392–407.

Page | 255

Sato F, Owen M, Matthes R, Sato K, Gisolfi C V (1990) Functional and morphological changes in the eccrine sweat gland
with heat acclimation. J Appl Physiol 69:232–6.
Sato K, Sato F (1983) Individual variations in structure and function of human eccrine sweat gland. Am J Physiol 245:R203–
8.
Savard GK, Cooper KE, Veale WL, Malkinson TJ (1985) Peripheral blood flow during rewarming from mild hypothermia in
humans. J Appl Physiol 58:4–13.
Savourey G, Guinet A, Besnard Y, Garcia N, Hanniquet AM, Bittel J (1995) Evaluation of the Lake Louise acute mountain
sickness scoring system in a hypobaric chamber. Aviat Space Environ Med 66:963–7.
Sawka MN (1992) Physiological consequences of hypohydration: exercise performance and thermoregulation. Med Sci
Sports Exerc 24:657–70.
Sawka MN, Burke LM, Eichner ER, Maughan RJ, Montain SJ, Stachenfeld NS (2007) American College of Sports Medicine
position stand. Exercise and fluid replacement. Med Sci Sports Exerc 39:377–90.
Sawka MN, Cheuvront SN, Kenefick RW (2012) High skin temperature and hypohydration impair aerobic performance. Exp
Physiol 97:327–32.
Sawka MN, Convertino VA, Eichner ER, Schnieder SM, Young AJ (2000) Blood volume: importance and adaptations to
exercise training, environmental stresses, and trauma/sickness. Med Sci Sports Exerc 32:332–48.
Sawka MN, Francesconi RP, Pimental NA, Pandolf KB (1984a) Hydration and vascular fluid shifts during exercise in the
heat. J Appl Physiol 56:91–6.
Sawka MN, Francesconi RP, Young AJ, Pandolf KB (1984b) Influence of hydration level and body fluids on exercise
performance in the heat. JAMA 252:1165–9.
Sawka MN, Gonzalez RR, Young AJ, Dennis RC, Valeri CR, Pandolf KB (1989) Control of thermoregulatory sweating
during exercise in the heat. Am J Physiol 257:R311–6.
Sawka MN, Greenleaf JE (1992) Current concepts concerning thirst, dehydration, and fluid replacement: overview. Med Sci
Sports Exerc 24:643–4.
Sawka MN, Latzka WA, Montain SJ, Cadarette BS, Kolka MA, Kraning 2nd KK, Gonzalez RR (2001) Physiologic
tolerance to uncompensable heat: intermittent exercise, field vs laboratory. Med Sci Sport Exerc 33:422–430.
Sawka MN, Leon LR, Montain SJ, Sonna LA (2011) Integrated physiological mechanisms of exercise performance,
adaptation, and maladaptation to heat stress. Compr Physiol 1:1883–928.
Sawka MN, Montain SJ (2000) Fluid and electrolyte supplementation for exercise heat stress. Am J Clin Nutr 72:564S–72S.
Sawka MN, Pandolf KB, Avellini BA, Shapiro Y (1983a) Does heat acclimation lower the rate of metabolism elicited by
muscular exercise? Aviat Space Environ Med 54:27–31.
Sawka MN, Toner MM, Francesconi RP, Pandolf KB (1983b) Hypohydration and exercise: effects of heat acclimation,
gender, and environment. J Appl Physiol 55:1147–53.
Sawka MN, Wenger CB, Pandolf KB (1995) Thermoregulatory Responses to Acute Exercise-Heat Stress and Heat
Acclimation. Publ. Handb. Physiol. Physiol. p157-185, 1995. Army Natick Res. Dev. Eng. Center, MA. Environ.
Physiol. Med. Dir. U.S. Army Res. Inst. Environ. Med. Natick, M
Sawka MN, Young AJ, Cadarette BS, Levine L, Pandolf KB (1985a) Influence of heat stress and acclimation on maximal
aerobic power. Eur J Appl Physiol Occup Physiol 53:294–298.
Sawka MN, Young AJ, Francesconi RP, Muza SR, Pandolf KB (1985b) Thermoregulatory and blood responses during
exercise at graded hypohydration levels. J Appl Physiol 59:1394–1401.
Schlader ZJ, Raman A, Morton RH, Stannard SR, Mündel T (2011a) Exercise modality modulates body temperature
regulation during exercise in uncompensable heat stress. Eur J Appl Physiol 111:757–66.
Schlader ZJ, Simmons SE, Stannard SR, Mündel T (2011b) The independent roles of temperature and thermal perception in
the control of human thermoregulatory behavior. Physiol Behav 103:217–24.
Schmidt W, Maassen N, Trost F, Boning D (1988) Training induced effects on blood volume, erythrocyte turnover and

Page | 256

haemoglobin oxygen binding properties. Eur J Appl Physiol Occup Physiol 57:490–498.
Schmidt W, Prommer N (2008) Effects of various training modalities on blood volume. Scand J Med Sci Sports 18 Suppl
1:57–69.
Schmidt W, Prommer N (2005) The optimised CO-rebreathing method: a new tool to determine total haemoglobin mass
routinely. Eur J Appl Physiol 95:486–495.
Scoon GSM, Hopkins WG, Mayhew S, Cotter JD (2007) Effect of post-exercise sauna bathing on the endurance performance
of competitive male runners. J Sci Med Sport 10:259–62.
Selkirk GA, McLellan TM, Wright HE, Rhind SG (2009) Expression of intracellular cytokines, HSP72, and apoptosis in
monocyte subsets during exertional heat stress in trained and untrained individuals. Am J Physiol Regul Integr Comp
Physiol 296:R575–86.
Selkirk GA, McLellan TM, Wright HE, Rhind SG (2008) Mild endotoxemia, NF-kappaB translocation, and cytokine increase
during exertional heat stress in trained and untrained individuals. Am J Physiol Regul Integr Comp Physiol 295:R611–
23.
Semenza GL (1998) Hypoxia-inducible factor 1: master regulator of O2 homeostasis. Curr Opin Genet Dev 8:588–94.
Semenza GL (2004) Hydroxylation of HIF-1: oxygen sensing at the molecular level. Physiology (Bethesda) 19:176–82.
Semenza GL, Wang GL (1992) A nuclear factor induced by hypoxia via de novo protein synthesis binds to the human
erythropoietin gene enhancer at a site required for transcriptional activation. Mol Cell Biol 12:5447–54.
Senay LC (1968) Relationship of evaporative rates to serum [Na+], [K+], and osmolarity in acute heat stress. J Appl Physiol
25:149–52.
Senay LC, Mitchell D, Wyndham CH (1976) Acclimatization in a hot, humid environment: body fluid adjustments. J Appl
Physiol 40:786–796.
Sewall H (1902) Altitude in Fact and Fancy. Trans Am Climatol Assoc 18:186–95.
Shapiro Y, Hubbard RW, Kimbrough CM, Pandolf KB (1981) Physiological and hematologic responses to summer and
winter dry-heat acclimation. J Appl Physiol 50:792–8.
Sharkey A, Elliott P, Lipton JM, Giesecke AH (1987) The temperature of the air within the external auditory meatus
compared with esophageal temperature during anaesthesia and surgery. J Therm Biol 12:11–13.
Shastry S, Toft DO, Joyner MJ (2002) HSP70 and HSP90 expression in leucocytes after exercise in moderately trained
humans. Acta Physiol Scand 175:139–46.
Shechter A, Boivin DB (2010) Sleep, Hormones, and Circadian Rhythms throughout the Menstrual Cycle in Healthy Women
and Women with Premenstrual Dysphoric Disorder. Int J Endocrinol 2010:259345.
Shein N a, Horowitz M, Alexandrovich AG, Tsenter J, Shohami E (2005) Heat acclimation increases hypoxia-inducible
factor 1alpha and erythropoietin receptor expression: implication for neuroprotection after closed head injury in mice.
J Cereb Blood Flow Metab 25:1456–65.
Shido O, Sugimoto N, Tanabe M, Sakurada S (1999) Core temperature and sweating onset in humans acclimated to heat
given at a fixed daily time. Am J Physiol 276:R1095–101.
Shin YO, Lee JB, Min YK, Yang HM (2013) Heat acclimation affects circulating levels of prostaglandin E2, COX-2 and
orexin in humans. Neurosci Lett 542:17–20.
Shiraki K, Sagawa S, Tajima F, Yokota A, Hashimoto M, Brengelmann GL (1988) Independence of brain and tympanic
temperatures in an unanesthetized human. J Appl Physiol 65:482–6.
Shvartz E, Benor D, Saar E (1972) Acclimatization to severe dry heat by brief exposures to humid heat. Ergonomics 15:563–
71.
Shvartz E, Magazanik A, Glick Z (1974) Thermal responses during training in a temperate climate. J Appl Physiol 36:572–6.
Siebenmann C, Hug M, Keiser S, Müller A, van Lieshout J, Rasmussen P, Lundby C (2013) Hypovolemia explains the
reduced stroke volume at altitude. Physiol Rep 1:e00094.

Page | 257

Simmons GH, Wong BJ, Holowatz LA, Kenney WL (2011) Changes in the control of skin blood flow with exercise training:
where do cutaneous vascular adaptations fit in? Exp Physiol 96:822–8.
Sims ST, van Vliet L, Cotter JD, Rehrer NJ (2007) Sodium loading aids fluid balance and reduces physiological strain of
trained men exercising in the heat. Med Sci Sports Exerc 39:123–30.
Singleton K, Ziegler T, Luo M, Fernandez - Estivariz C, Wischmeyer P (2004) Intravenous glutamine increases serum HSP
72 levels in both humans and rodents following systemic inflammation. 27th Annu Conf Shock 250.
Siri WE (1956) The gross composition of the body. Adv Biol Med Phys 4:239–280.
Sjøgaard G, Adams RP, Saltin B (1985) Water and ion shifts in skeletal muscle of humans with intense dynamic knee
extension. Am J Physiol 248:R190–6.
Skidmore R, Gutierrez JA, Guerriero V, Kregel KC (1995) HSP70 Induction during exercise and heat-stress in rats -Role of
internal temperature. Am J Physiol Integr Comp Physiol 268:R92–R97.
Sloan RE, Keatinge WR (1975) Depression of sublingual temperature by cold saliva. Br Med J 1:718–20.
Smith ADH, Crabtree DR, Bilzon JLJ, Walsh NP (2010) The validity of wireless iButtons and thermistors for human skin
temperature measurement. Physiol Meas 31:95–114.
Smolander J, Kolari P, Korhonen O, Ilmarinen R (1987) Skin blood flow during incremental exercise in a thermoneutral and
a hot dry environment. Eur J Appl Physiol Occup Physiol 56:273–280.
Smoljanic J, Morris NB, Dervis S, Jay O (2014) Running economy, not aerobic fitness, independently alters
thermoregulatory responses during treadmill running. J Appl Physiol 1451–1459.
Snellen JW (1969) The discrepancy between thermometry and calorimetry during exercise. Pflügers Arch Eur J Physiol
Arch Eur J Physiol 310:35–44.
Sonna LA, Fujita J, Gaffin SL, Lilly CM (2002) Invited review: Effects of heat and cold stress on mammalian gene
expression. J Appl Physiol 92:1725–42.
Spilsbury KL, Fudge BW, Ingham SA, Faulkner SH, Nimmo MA (2014) Tapering strategies in elite British endurance
runners. Eur J Sport Sci 1–7.
Stray-Gundersen J, Chapman RF, Levine BD (2001) “Living high-training low” altitude training improves sea level
performance in male and female elite runners. J Appl Physiol 91:1113–20.
Stringer W, Wasserman K, Casaburi R, Pórszász J, Maehara K, French W (1994) Lactic acidosis as a facilitator of
oxyhemoglobin dissociation during exercise. J Appl Physiol 76:1462–7.
Stringer WW, Hansen JE, Wasserman K (1997) Cardiac output estimated noninvasively from oxygen uptake during exercise.
J Appl Physiol 82:908–12.
Strydom NB, Holdsworth LD (1968) The effects of different levels of water deficit on physiological responses during heat
stress. Int Zeitschrift fur Angew Physiol Einschlieulich Arbeitsphysiologie 26:95–102.
Sunderland C, Morris JG, Nevill ME (2008) A heat acclimation protocol for team sports. Br J Sports Med 42:327–33.
Suresh K, Chandrashekara S (2012) Sample size estimation and power analysis for clinical research studies. J Hum Reprod
Sci 5:7–13.
Székely M, Szelényi Z (2005) Regulation of energy balance by peptides: a review. Curr Protein Pept Sci 6:327–353.
Taipale M, Jarosz DF, Lindquist S (2010) HSP90 at the hub of protein homeostasis: emerging mechanistic insights. Nat Rev
Mol Cell Biol 11:515–28.
Takamata a, Nose H, Kinoshita T, Hirose M, Itoh T, Morimoto T (2000) Effect of acute hypoxia on vasopressin release and
intravascular fluid during dynamic exercise in humans. Am J Physiol Regul Integr Comp Physiol 279:R161–8.
Takeno Y, Kamijo YI, Nose H (2001) Thermoregulatory and aerobic changes after endurance training in a hypobaric hypoxic
and warm environment. J Appl Physiol 91:1520–8.
Tanaka H, Monahan KD, Seals DR (2001) Age-predicted maximal heart rate revisited. J Am Coll Cardiol 37:153–6.

Page | 258

Tanda G, Knechtle B (2013) Marathon performance in relation to body fat percentage and training indices in recreational
male runners. Open access J Sport Med 4:141–9.
Tatterson AJ, Hahn AG, Martini DT, Febbraio MA (2000) Effects of heat stress on physiological responses and exercise
performance in elite cyclists. J Sci Med Sport 3:186–193.
Taylor L, Midgley A, Chrismas B (2010a) The effect of acute hypoxia on heat shock protein 72 expression and oxidative
stress in vivo. Eur J Appl Physiol 109:849–55.
Taylor L, Midgley AW, Chrismas B, Hilman AR, Madden LA, Vince R V, McNaughton LR (2011) Daily hypoxia increases
basal monocyte HSP72 expression in healthy human subjects. Amino Acids 40:393–401.
Taylor L, Midgley AW, Chrismas B, Madden LA, Vince R V, McNaughton LR (2010b) Daily quadratic trend in basal
monocyte expressed HSP72 in healthy human subjects. Amino Acids 38:1483–8.
Taylor L, Midgley AW, Sandstrom ME, Chrismas B, McNaughton LR (2012) The effect of the hyperbaric environment on
heat shock protein 72 expression in vivo. Res Sports Med 20:142–53.
Taylor N, Werner J, Mekjavic I (2008) Concepts in physiological regulation: a thermoregulatory perspective. Fac Heal
Behav Sci - Pap 325 – 340.
Taylor NA, Allsopp NK, Parkes DG (1995) Preferred room temperature of young vs aged males: the influence of thermal
sensation, thermal comfort, and affect. J Gerontol A Biol Sci Med Sci 50:M216–21.
Taylor NAS (2014) Human Heat Adaptation. Compr Physiol 4:325–365.
Taylor NAS (2000) Principles and practices of heat adaptation. J Human-Environment Syst 4:11–22.
Taylor NAS, Cotter JD (2006) Heat adaptation: guidelines for the optimisation of human performance. Int Sport Med J 7:33–
57.
Taylor NAS, Machado-Moreira CA, van den Heuvel AMJ, Caldwell JN (2014a) Hands and feet: physiological insulators,
radiators and evaporators. Eur J Appl Physiol 114:2037–60.
Taylor NAS, Tipton MJ, Kenny GP (2014b) Considerations for the measurement of core, skin and mean body temperatures. J
Therm Biol 46:72–101.
Terrados N, Melichna J, Sylvén C, Jansson E, Kaijser L, Sylv�n C, Jansson E, Kaijser L (1988) Effects of training at
simulated altitude on performance and muscle metabolic capacity in competitive road cyclists. Eur J Appl Physiol
Occup Physiol 57:203–209.
Tetievsky A, Assayag M, Ben-Hamo R, Efroni S, Cohen G, Abbas A, Horowitz M (2014) Heat acclimation memory: Do the
kinetics of the de-acclimated transcriptome predispose to rapid re-acclimation and cytoprotection? J Appl Physiol
japplphysiol.00422.2014–.
Tetievsky A, Cohen O, Eli-Berchoer L, Gerstenblith G, Stern MD, Wapinski I, Friedman N, Horowitz M (2008)
Physiological and molecular evidence of heat acclimation memory: a lesson from thermal responses and ischemic
cross-tolerance in the heart. Physiol Genomics 34:78–87.
Teunissen LPJ, de Haan A, de Koning JJ, Clairbois HE, Daanen HAM (2011) Limitations of temperature measurement in the
aural canal with an ear mould integrated sensor. Physiol Meas 32:1403–16.
Teunissen LPJ, de Haan A, de Koning JJ, Daanen HAM (2012) Telemetry pill versus rectal and esophageal temperature
during extreme rates of exercise-induced core temperature change. Physiol Meas 33:915–24.
Thomas MM, Cheung SS, Elder GC, Sleivert GG (2006) Voluntary muscle activation is impaired by core temperature rather
than local muscle temperature. J Appl Physiol 100:1361–9.
Tipton M (2012) A case for combined environmental stressor studies. Extrem Physiol Med 1:7.
Todd G, Butler JE, Taylor JL, Gandevia SC (2005) Hyperthermia: a failure of the motor cortex and the muscle. J Physiol
563:621–31.
Todd G, Gordon CJ, Groeller H, Taylor NAS (2014) Does intramuscular thermal feedback modulate eccrine sweating in
exercising humans? Acta Physiol. (Oxf).
Toner MM, Drolet LL, Pandolf KB (1986) Perceptual and physiological responses during exercise in cool and cold water.

Page | 259

Percept Mot Skills 62:211–20.
Torre-Bueno JR, Wagner PD, Saltzman HA, Gale GE, Moon RE (1985) Diffusion limitation in normal humans during
exercise at sea level and simulated altitude. J Appl Physiol 58:989–95.
Trangmar SJ, Chiesa ST, Stock CG, Kalsi KK, Secher NH, González-Alonso J (2014) Dehydration affects cerebral blood
flow but not its metabolic rate for oxygen during maximal exercise in trained humans. J Physiol
592:jphysiol.2014.272104–.
Treinin M, Shliar J, Jiang H, Powell-Coffman JA, Bromberg Z, Horowitz M (2003) HIF-1 is required for heat acclimation in
the nematode Caenorhabditis elegans. Physiol Genomics 14:17–24.
Tucker R, Marle T, Lambert E V, Noakes TD (2006) The rate of heat storage mediates an anticipatory reduction in exercise
intensity during cycling at a fixed rating of perceived exertion. J Physiol 574:905–15.
Tucker R, Rauch L, Harley YXR, Noakes TD (2004) Impaired exercise performance in the heat is associated with an
anticipatory reduction in skeletal muscle recruitment. Pflugers Arch 448:422–30.
Turk J, Thomas IR (1975) Artificial Acclimatization to Heat. Ann Occup Hyg 17:271–278.
Turner G, Gibson OR, Maxwell NS (2014a) Simulated moderate hypoxia reduces intermittent sprint performance in games
players. J Sports Med Phys Fitness 54:566–74.
Turner G, Pringle JSM, Ingham SA, Fudge BW, Richardson AJ, Maxwell NS (2014b) The influence of carbon monoxide
bolus on the measurement of total haemoglobin mass using the optimized CO-rebreathing method. Physiol Meas
35:N11–9.
Turner G, Richardson AJ, Maxwell NS, Pringle JSM (2014c) Comparison of total haemoglobin mass measured with the
optimized carbon monoxide rebreathing method across different RadiometerTM ABL-80 and OSM-3 hemoximeters.
Physiol Meas 35:N41–9.
Tuttle JA, Castle PC, Metcalfe AJ, Midgley AW, Taylor L, Lewis MP (2015) Downhill running and exercise in hot
environments increase leukocyte Hsp 72 (HSPA1A) and Hsp90α (HSPC1) gene transcripts. J Appl Physiol 118:996–
1005.
Umschweif G, Alexandrovich AG, Trembovler V, Horowitz M, Shohami E (2013) Hypoxia-inducible factor 1 is essential for
spontaneous recovery from traumatic brain injury and is a key mediator of heat acclimation induced neuroprotection. J
Cereb Blood Flow Metab 33:524–31.
Vallerand AL, Savourey G, Hanniquet AM, Bittel JH (1992) How should body heat storage be determined in humans: by
thermometry or calorimetry? Eur J Appl Physiol Occup Physiol 65:286–94.
Vincent WJ (1999) Statistics in kinesiology, 2nd ed. Human Kinetics, Champaign, IL
Vissing K, Bayer ML, Overgaard K, Schjerling P, Raastad T (2009) Heat shock protein translocation and expression
response is attenuated in response to repeated eccentric exercise. Acta Physiol 196:283–293.
Vogt M, Puntschart a, Geiser J, Zuleger C, Billeter R, Hoppeler H (2001) Molecular adaptations in human skeletal muscle to
endurance training under simulated hypoxic conditions. J Appl Physiol 91:173–82.
Wagner PD, Gale GE, Moon RE, Torre-Bueno JR, Stolp BW, Saltzman HA (1986) Pulmonary gas exchange in humans
exercising at sea level and simulated altitude. J Appl Physiol 61:260–70.
Walsh RC, Koukoulas I, Garnham a, Moseley PL, Hargreaves M, Febbraio M a (2001) Exercise increases serum Hsp72 in
humans. Cell Stress Chaperones 6:386–93.
Wang GL, Semenza GL (1996) Molecular basis of hypoxia-induced erythropoietin expression. Curr Opin Hematol 3:156–62.
Ward-Smith AJ (1984) Air resistance and its influence on the biomechanics and energetics of sprinting at sea level and at
altitude. J Biomech 17:339–47.
Watkins AM, Cheek DJ, Harvey AE, Blair KE, Mitchell JB (2008) Heat Acclimation and HSP-72 Expression in Exercising
Humans. Int J Sports Med 29:269–276.
Watkins AM, Cheek DJ, Harvey AE, Goodwin JD, Blair KE, Mitchell JB (2007) Heat Shock Protein (HSP-72) Levels in
Skeletal Muscle Following Work in Heat. Aviat Sp Environ Med 78:901–905.

Page | 260

Webb P (1992) Temperatures of skin, subcutaneous tissue, muscle and core in resting men in cold, comfortable and hot
conditions. Eur J Appl Physiol Occup Physiol 64:471–6.
Webster S, Rutt R, Weltman A (1990) Physiological effects of a weight loss regimen practiced by college wrestlers. Med Sci
Sports Exerc 22:229–34.
Wehrlin JP, Hallén J (2006) Linear decrease in VO2max and performance with increasing altitude in endurance athletes. Eur
J Appl Physiol 96:404–412.
Weingart S, Mayer S, Polderman K (2009) Rectal probe temperature lag during rapid saline induction of hypothermia after
resuscitation from cardiac arrest. Resuscitation 80:837–8.
Welch WJ (1992) Mammalian stress response: cell physiology, structure/function of stress proteins, and implications for
medicine and disease. Physiol Rev 72:1063–81.
Welch WJ, Mizzen LA (1988) Characterization of the thermotolerant cell. II. Effects on the intracellular distribution of heatshock protein 70, intermediate filaments, and small nuclear ribonucleoprotein complexes. J Cell Biol 106:1117–30.
Weller A, Harrison M (2001) Influence of heat acclimation on physiological strain during exercise-heat stress in men wearing
clothing of limited water vapour permeability. J. Physiol. 531:
Weller AS, Linnane DM, Jonkman AG, Daanen HAM (2007) Quantification of the decay and re-induction of heat
acclimation in dry-heat following 12 and 26 days without exposure to heat stress. Eur J Appl Physiol 102:57–66.
Whipp BJ, Higgenbotham MB, Cobb FC (1996) Estimating exercise stroke volume from asymptotic oxygen pulse in
humans. J Appl Physiol 81:2674–9.
Whitby JD, Dunkin LJ (1968) Temperature differences in the oesophagus. Preliminary study. Br J Anaesth 40:991–5.
Whitby JD, Dunkin LJ (1971) Cerebral, oesophageal and nasopharyngeal temperatures. Br J Anaesth 43:673–6.
Whitby JD, Dunkin LJ (1969) Temperature differences in the oesophagus: The Effects of Intubation and Ventilation. BJA Br
J Anaesth 41:615–618.
White AC, Salgado RM, Schneider S, Loeppky J a, Astorino T a, Mermier CM (2014) Does Heat Acclimation Improve
Exercise Capacity at Altitude? A Cross-tolerance Model. Int. J. Sports Med.
Whitham M, Halson SL, Lancaster GI, Gleeson M, Jeukendrup AE, Blannin AK (2004) Leukocyte heat shock protein
expression before and after intensified training. Int J Sports Med 25:522–7.
Whitham M, Laing SJ, Jackson A, Maassen N, Walsh NP (2007) Effect of exercise with and without a thermal clamp on the
plasma heat shock protein 72 response. J Appl Physiol 103:1251–1256.
Whitham M, Walker GJ, Bishop NC (2006) Effect of caffeine supplementation on the extracellular heat shock protein 72
response to exercise. J Appl Physiol 101:1222–7.
Wilber R (2007) Application of altitude/hypoxic training by elite athletes. Med Sci Sports Exerc 39:1610–1624.
Wilber RL (2004) Altitude training and athletic performance. Human Kinetics, Champaign, IL
Wilkinson DM, Carter JM, Richmond VL, Blacker SD, Rayson MP (2008) The effect of cool water ingestion on
gastrointestinal pill temperature. Med Sci Sports Exerc 40:523–8.
Williams C, James D, Wilson C (2008) Mathematics and Science for Exercise and Sport: The Basics. Routledge
Williams CA, James DVB (2001) Science for exercise and sport. Routledge, London ; New York
Williams CG, Wyndham CH, Morrison JF (1967) Rate of loss of acclimatization in summer and winter. J Appl Physiol
22:21–6.
Wilson MH, Newman S, Imray CH (2009) The cerebral effects of ascent to high altitudes. Lancet Neurol 8:175–91.
Wingo JE, Cureton KJ (2006) Maximal oxygen uptake after attenuation of cardiovascular drift during heat stress. Aviat Space
Environ Med 77:687–94.
Winslow CEA, Herrington LP, Gagge AP (1936) A new method of partitional calorimetry. Am J Physiol -- Leg Content
116:641–655.

Page | 261

Winter, E. M., Jones, A. M., Davison, R. C., Bromley, P. D., & Mercer TH (2007) The british association of sport and
exercise science guidelines (Vol. 1). Routledge, Oxon
Withers RT, Sherman WM, Miller JM, Costill DL (1981) Specificity of the anaerobic threshold in endurance trained cyclists
and runners. Eur J Appl Physiol Occup Physiol 47:93–104.
Wolfel EE, Groves BM, Brooks GA, Butterfield GE, Mazzeo RS, Moore LG, Sutton JR, Bender PR, Dahms TE,
McCullough RE (1991) Oxygen transport during steady-state submaximal exercise in chronic hypoxia. J Appl Physiol
70:1129–36.
Wolfel EE, Selland MA, Cymerman A, Brooks GA, Butterfield GE, Mazzeo RS, Grover RF, Reeves JT (1998) O2 extraction
maintains O2 uptake during submaximal exercise with beta-adrenergic blockade at 4,300 m. J Appl Physiol 85:1092–
102.
Wong SL, Katzmarzyk P, Nichaman MZ, Church TS, Blair SN, Ross R (2004) Cardiorespiratory fitness is associated with
lower abdominal fat independent of body mass index. Med Sci Sports Exerc 36:286–91.
Wright HE, McLellan TM, Friesen BJ, Casa DJ, Kenny GP (2012) Influence of circulating cytokines on prolactin during
slow vs. fast exertional heat stress followed by active or passive recovery. J Appl Physiol 113:574–83.
Wu T, Kayser B (2006) High altitude adaptation in Tibetans. High Alt Med Biol 7:193–208.
Wyndham CH (1973) The physiology of exercise under heat stress. Annu Rev Physiol 35:193–220.
Wyndham CH, Benade AJ, Williams CG, Strydom NB, Goldin A, Heyns AJ (1968) Changes in central circulation and body
fluid spaces during acclimatization to heat. J Appl Physiol 25:586–593.
Xu Q, Wick G (1996) The role of heat shock proteins in protection and pathophysiology of the arterial wall. Mol Med Today
2:372–9.
Yaglou CP, Minard D (1957) Control of heat casualties at military training centers. AMA Arch Ind Health 16:302–16.
Yamada P, Amorim F, Moseley P, Schneider S (2008) Heat shock protein 72 response to exercise in humans. Sport Med
38:715–733.
Yamada PM, Amorim FT, Moseley P, Robergs R, Schneider SM (2007) Effect of heat acclimation on heat shock protein 72
and interleukin-10 in humans. J Appl Physiol 103:1196–204.
Yamazaki F (2012) Importance of Heat Acclimation in the Prevention of Heat Illness during Sports Activity and Work. Adv
Exerc Sport Physiol 18:53–59.
Yamazaki F, Hamasaki K (2003) Heat acclimation increases skin vasodilation and sweating but not cardiac baroreflex
responses in heat-stressed humans. J Appl Physiol 95:1567–74.
Young AJ (1990) Energy substrate utilization during exercise in extreme environments. Exerc Sport Sci Rev 18:65–117.
Young AJ, Sawka MN, Levine L, Cadarette BS, Pandolf KB (1985) Skeletal muscle metabolism during exercise is
influenced by heat acclimation. J Appl Physiol 59:1929–35.
Zupet P, Princi T, Finderle Z (2009) Effect of hypobaric hypoxia on heart rate variability during exercise: a pilot field study.
Eur J Appl Physiol 107:345–50.

Page | 262

