)

r—y Pure

Bangor University

DOCTOR OF PHILOSOPHY

Post-exercise hot water immersion

anovel approach to heat acclimation

Zurawlew, Michael

Award date:
2018

Awarding institution:
Bangor University

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 27. Apr. 2024


https://research.bangor.ac.uk/portal/en/theses/postexercise-hot-water-immersion(107af32f-9f52-4474-b47b-0d6344185b88).html

POST-EXERCISE HOT WATER IMMERSION: A NOVEL APPROACH TO HEAT
ACCLIMATION

by

MICHAEL J. ZURAWLEW

PRIFYSGOL

BANGOR

UNIVERSITY

A thesis submitted to
Bangor University
in fulfilment of the requirements of the degree of

Doctor of Philosophy

School of Sport, Health and Exercise Sciences
Bangor University

January 2018



Summary

Hot environmental conditions can reduce work productivity/exercise performance and
increase the incidence of exertional heat illness. In preparation for hot environments,
individuals commonly complete heat acclimation protocols that initiate physiological and
perceptual adaptations to reduce thermal strain and improve physical capabilities. However,
conventional exercise-heat acclimation interventions can be costly and impractical, as they
require access to an artificial hot environment and often require control of core temperature
during exercise. As such, there is a demand for a flexible heat acclimation intervention that
can be easily incorporated into the daily training of athletes and military/occupational
personnel. Therefore, the aim of this thesis was to develop a novel and practical post-exercise
hot water immersion heat acclimation protocol.

Firstly, 6-days of submaximal exercise in temperate conditions followed by a hot water
immersion induced hallmark heat acclimation adaptations during submaximal exercise in
temperate and hot conditions and improved endurance exercise performance in the heat
(Chapter 4). The initiated adaptations were also not specific to the clock-time of when heat
exposures occurred (Chapter 5). Post-exercise hot water immersion also initiated hallmark
heat acclimation adaptations in both endurance trained and recreationally active individuals
(Chapter 6). In addition, the decay of the induced adaptations following post-exercise hot
water immersion is slow, with no observable loss of heat acclimation two weeks following
the cessation of the protocol (Chapter 7).

The studies presented in this thesis demonstrate that the novel post-exercise hot water
immersion intervention provides heat acclimation and reduces thermal strain during exercise
in the heat. Future research is required to optimise this technique to improve its incorporation
into different military/occupational or athlete scenarios and assess the impact of the
intervention on the incidence of exertional heat illness.
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Thesis Format

This thesis contains a critical literature review that outlines the main research aims (Chapter
2) and a general methods section (Chapter 3) that provide information on procedures and
measures adopted in experimental chapters. The thesis consists of four experimental chapters.
The first of which investigates whether a post-exercise hot water immersion can provide heat
acclimation adaptations and improvements in endurance performance in temperate and hot
conditions (Chapter 4). Chapter 5 investigates if this intervention initiates clock time
dependent adaptations and Chapter 6 examines the effect of training status on adaptation
from the intervention. The final experimental chapter investigates the timeframe of adaptation
decay from the post-exercise hot water immersion intervention (Chapter 7). The general
discussion (Chapter 8) summarises the main findings of the thesis, recognising the
limitations of the research and suggested potential areas for future research. Lists of
abbreviations, tables and figures appears prior to Chapter 1 and bold type is used to refer to

chapters and sections within this thesis.

12



Table 4.1

Table 5.1

Table 5.2

Table 6.1

Table 6.2

Table 6.3

List of Tables

The influence of submaximal running at 65 % VOapax for 40 min in
18 °C and post-exercise hot water immersion in 40 °C water
immersed to the neck (HWI; n = 10) on daily thermoregulatory
variables, heart rate and immersion time. Data displayed as mean +

SD.

The influence of submaximal running at 65 % VOapax for 40 min in
temperate conditions (20 °C) and post-exercise hot water
immersion in 40 °C on daily thermoregulatory variables, heart rate,

and immersion time.

Physiological and perceptual responses during submaximal
treadmill running (40 min, 65 % VOsma) in the heat (33 °C, 40 %
RH) in both the morning (AM) and afternoon (PM) following 6-day

post-exercise hot water immersion heat acclimation.

Participant characteristics. Data displayed as mean = SD.

The influence of a 40 min submaximal treadmill run (65 % VOamax)
in temperate conditions (20 °C) and a post-exercise hot water
immersion in 40 °C water on rectal core temperature, the thermal
stimulus and immersion time in endurance trained (ET) and

recreationally active (RA) individuals.

Effect of 6-day post-exercise hot water immersion heat acclimation
on thermoregulatory, cardiovascular and perceptual variables from
a 40 min submaximal treadmill run (65 % VOsma) in the heat (33
°C, 40 % RH) in endurance trained (ET) and recreationally active

(RA) individuals.

13

Page
Number

60

76

79

86

90

93



Table 7.1  The change in physiological and perceptual variables following 6- 108
day post-exercise hot water immersion heat acclimation at rest in
temperate conditions (20 °C), and during submaximal treadmill

running (65 % VOamay) in the heat (33 °C, 40 % RH).

14



Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 5.1

List of Figures

Schematic of study design.

Influence of a 6-day post-exercise hot water immersion (HWI) or
control (CON) intervention on resting rectal core temperature (7.,
A) and end-exercise T,. (B) assessed following 40 min running at
65 % VOamax in 18 °C (40 % RH) and 33 °C (40 % RH). Bars
show mean at PRE and POST. Lines represent individual

participants. ** P < 0.01, POST less than PRE.

Influence of a 6-day post-exercise hot water immersion (HWI) or
control (CON) intervention on rectal core temperature at sweating
onset (7., A), whole body sweat rate (WBSR, B) and end-exercise
responses for mean skin temperature (7, C), heart rate (HR, D),
RPE (E) and thermal sensation (F) following 40 min running at 65
% VOomax in 18 °C (40 % RH) and 33 °C (40 % RH). Bars show
mean and SD at PRE and POST. * P < 0.05 and ** P < 0.01,
POST less than PRE.

Influence of a 6-day post-exercise hot water immersion (HWI)
intervention on 5 km treadmill time trial (TT) performance (A) and
% change in 5 km treadmill TT performance (B) in 18 °C (40 %
RH) and 33 °C (40 % RH). Shown are mean and SD (A) and mean
and 95 % CI of the difference (B). ** P < 0.01, PRE to POST.

Effect of 6-day post-exercise hot water immersion heat acclimation
on rectal temperature (7:) responses between 0900-h and 1540-h.
Filled grey boxes on x-axis represents period of submaximal
treadmill running (40 min, 65 % VOnyna) in the heat (33 °C, 40 %
RH). * P < 0.05 and ** P < 0.01 indicates POST less than PRE.

15

Page
Number

55

61

63

64

77



Figure 5.2

Figure 6.1

Figure 6.2

Figure 6.3

Data displayed as mean + SD.

Change in resting (A) and end-exercise heat stress (40 min, 65 %
VOimax, 33 °C, 40 % RH; B) rectal temperature (7,.) following 6-
day post-exercise hot water immersion (40 °C) heat acclimation in
the morning (AM) and afternoon (PM).! Morning control data
(CON) following 6-day post-exercise thermoneutral water (34 °C)
immersion intervention shown for comparison only (Chapter 4).
Data displayed as mean + SD. * P < (.05 and ** P < 0.01 indicates
POST less than PRE.

Effect of 6-day post-exercise hot water immersion heat acclimation
on end-exercise rectal core temperature (7)) following a 40 min
submaximal treadmill run (65% VOamax) in the heat (33 °C, 40 %
RH) in endurance trained and recreationally active individuals.
Bars represent mean + SD of the PRE to POST change (A) and
mean at PRE and POST (B). Lines between bars represent
individual participant responses. ** P < 0.01, POST less than PRE.
# P <0.05 RA less than ET.

The relationship between the thermal stimulus (total AUC), from
post exercise hot water immersion heat acclimation, and the
reduction in end-exercise rectal core temperature (7r) at POST
following 40 min submaximal treadmill running at 65 % VOnmay in
the heat (33 °C, 40 % RH) in endurance trained (A) and

recreationally active (B) individuals.

The relationship between the reduction at POST in end-exercise
heart rate (HR, beats'min™), following 40 min submaximal
treadmill running at 65 % VOnjmay in the heat (33 °C, 40 % RH),
and weekly habitual endurance exercise training hours (A) and

VOimax (B).

16

78

91

92

95



Figure 7.1

Figure 7.2

Figure 7.3

Figure 7.4

Experimental schematic.

Mean local forearm sweating rate reported as a function of
oesophageal core temperature (7.; A) and as a function of the
change in oesophageal core temperature (A7.s; B) during the first
12 min (1 min average) of submaximal treadmill running (65 %
VOamax) in the heat (33 °C, 40 % RH) prior to (PRE) and following
(POST) 6-day post-exercise hot water immersion heat acclimation

(n=8).

Influence of a 6-day post-exercise hot water immersion heat
acclimation intervention on resting rectal core temperature (7r, A)
and end-exercise Ty (B) following 40 min treadmill running at 65
% VOomax in the heat (33 °C, 40 % RH). Bars show mean + SD
responses before (PRE), after (POST), 7-days (WK 1) and 14-days
(WK 2) following heat acclimation (n = 9). * P < 0.05, ** P <
0.01, POST, WK1 and WK 2 less than PRE.

Influence of a 6-day post-exercise hot water immersion
intervention on end-exercise heart rate (HR; A), end-exercise mean
skin temperature (7s; B) end-exercise rating of perceived exertion
(RPE; C) and end-exercise thermal sensation (D) assessed
following 40 min treadmill running at 65 % VOjmax in the heat (33
°C, 40 % RH). Bars show mean + SD of the change from PRE at
POST and 7-days (WK 1) and 14-days (WK 2) following heat
acclimation (n =9). * P <0.05, ** P <0.01, POST, WK1 and WK
2 less than PRE.

17

104

109

111

112



°C
ANOVA
AUC

cm

CcO
COHb

dL
EDTA
EHI
EHS

Hb
HR
Hct

min
MJ

mL
MTHA

List of Abbreviations

degrees Celsius

analysis of variance

area under the curve
centimetre

carbon monoxide
carboxyhaemoglobin
Cohen’s d effect size
decilitre
ethylenediaminetetraacetic acid
exertional heat illness
exertional heat stroke

gram

hour

haemoglobin

heart rate

haematocrit

kilometre

kilogram

litre

long-term heat acclimation
microlitre

minute

megajoules

millilitre

medium-term heat acclimation
oxygen

parts per million
respiratory exchange ratio
relative humidity

rating of perceived exertion

second

18



SD
STHA
Tes

Te

Tsx
TTE
TT
USG
VO,
VOamax
WBSR

standard deviation

short-term heat acclimation
oesophageal core temperature
rectal core temperature

mean skin temperature

time to exhaustion

time trial

urine specific gravity

oxygen uptake

maximal oxygen uptake

whole body sweat rate

19



CHAPTER ONE

General Introduction

The ability to maintain a thermal steady state is fundamental to the maintenance of endurance
exercise performance and occupational work capacity in hot environments (Galloway and
Maughan, 1997). Athletes, military personnel, miners and firefighters are regularly exposed
to this stress when travelling to areas of high ambient temperatures. In the heat, the relative
intensity of activities increases, which augments metabolic heat production and places a
greater strain on heat loss mechanisms (Arngrimsson et al., 2003). Heat that cannot be
dissipated is stored, increasing body temperatures which is a known risk factor for exertional
heat illness (EHI), characterised by the occurrence of muscle cramps, syncope and exhaustion
(Binkley et al., 2002). Larger elevations in core body temperature (> 40 °C) and central
nervous system dysfunction characterise more serious heat illness, otherwise known as
exertional heat stroke (EHS; Casa et al., 2012), which can lead to systemic inflammatory
response syndrome, organ failure and death (Sawka ef al.,, 2011). Individuals exposed to the
heat therefore seek strategies to reduce thermal strain. Heat acclimatisation, which occurs
following exposure to a naturally occurring hot environment and conventional exercise-heat
acclimation, which is experimentally induced in an artificial environment (Pandolf, 1998)
and/or physical training protocols in temperate conditions are widely used methods that aim

to reduce thermal strain in the heat.

Habitual endurance exercise in temperate conditions increases parameters of physical fitness
and initiates thermoregulatory adaptations and tolerance to the heat akin to ‘partial’ heat
acclimation (Piwonka et al., 1965; Strydom et al., 1966; Gisolfi and Robinson, 1969; Shvartz
et al., 1974). Additionally, improving physical fitness increases the speed of adaptation from
conventional exercise-heat acclimation interventions (Pandolf et al., 1977). The completion
of endurance exercise protocols cannot however wholly replace the benefits acquired from
heat acclimation. To induce heat acclimation adaptations, recommendations suggest to
complete submaximal exercise, which initiates sweating responses and maintains an elevation
in core temperature, in hot environmental conditions for 60-90 min on 5 to 14 consecutive
days (Armstrong and Maresh, 1991; Garrett et al., 2011; Taylor, 2014). The phenotypic

adaptations induced following conventional exercise based protocols improve exercise
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capabilities (Shvartz et al., 1973) and performance (Lorenzo et al., 2010) in the heat and
minimise the threat of thermal injury (Cheung et al., 2000). However, the completion of
exercise-heat acclimation can be costly, as they require access to a hot climate
(environmental chamber or hot natural environment). In addition, recommendations that aim
to increase the benefits of heat acclimation, for example, through matching the time of day of
heat acclimation sessions with the anticipated time of exercise-heat stress are impractical and

can disrupt training (Shido et al., 1999; Garrett et al., 2012).

Interestingly, conventional exercise-heat acclimation may also provide ergogenic benefits
(increased; VOoima, plasma volume, stroke volume and cardiac output) that improve
endurance exercise capabilities/performance in thermoneutral conditions (Lorenzo et al.,
2010; Neal et al., 2016a). Therefore, heat acclimation protocols may have the potential to be
utilised as a training intervention to improve exercise performance in sea level, thermoneutral
conditions (Lorenzo et al., 2010). This idea however, is yet to be universally accepted

(Minson and Cotter, 2016; Nybo and Lundby, 2016).

Information regarding the induction of heat acclimation through conventional methods is
extensive. Phenotypic adaptations are however transient and will gradually disappear
following the removal of the heat stimulus (Armstrong and Maresh, 1991). Unlike knowledge
regarding the induction of heat acclimation, research concerning the decay of adaptations
remains equivocal and is limited by inconsistencies between experimental designs (Pandolf,
1998; Garrett et al., 2009; Taylor, 2014). The timeframe of heat acclimation decay was
previously defined as the loss of 1-day of adaptation every 2-days without heat exposure
(Givoni and Goldman, 1973). This philosophy is however now questioned, with the retention
of a portion of adaptation thought to last up to 1-month (Weller et al., 2007). Due to the
limited understanding of the timeframe of adaptation decay, individuals are advised to
complete heat acclimation protocols in the days prior to movement to the heat. For an athlete
however, the physiological cost of repeatedly exercising in the heat during a taper may have a
detrimental effect on competition performance. Therefore, a greater understanding of
adaptation retention is required to improve the scheduling and implementation of heat

acclimation protocols.
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One method of initiating heat acclimation adaptations that is readily available and has
practical applications is through immersion in hot water. Although passive heat exposures are
thought to initiate a smaller magnitude of heat acclimation adaptation than exercise based
protocols, evidence suggests that the combined elevation in core and skin temperatures
during immersion in hot water may provide a substantial stimulus for adaptation (Brebner et
al., 1961; Brazaitis and Skurvydas, 2010). Additionally, taking a hot bath following exercise
could be easily incorporated into daily training routines when washing after exercise;
presenting a practical, cost effective protocol for athletes/military personnel prior to

movement to areas of high ambient temperatures.

The primary aim of this thesis was to develop a novel post-exercise hot water immersion heat
acclimation intervention; to investigate the induction and decay of phenotypic adaptations
and examine its effect on endurance exercise capabilities and performance in hot and
thermoneutral conditions. This thesis also questions established heat acclimation
recommendations by investigates whether the greatest heat acclimation benefits occur at the
same clock-time as heat acclimation sessions and what effect training status has on adaptation

from post-exercise hot water immersion.
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CHAPTER TWO

Literature Review

Hot environmental conditions can have detrimental effects on work productivity and exercise
performance. This decrease in work productivity was first observed and examined in the hot-
humid conditions in South African gold mines. Between 1924 and 1932, exposure to these
conditions reportedly caused one death every month through EHS (Cluver, 1932).
Unacclimatised workers were more susceptible to EHI and EHS as the majority of fatalities
occurred within the worker’s first four shifts (Cluver, 1932). Researchers therefore developed
and implemented heat acclimatisation/acclimation strategies to initiate the adaptations
acquired during these first four working shifts under safe, controlled conditions (Dreosti et
al., 1935; Wyndham et al., 1969). The success of these protocols in reducing fatality numbers
and increasing work capacity has led to the development and optimisation of heat acclimation

protocols over the past century (Dreosti ef al., 1935; Fox et al., 1963).

2.1  Acute responses to exercise-heat stress

Metabolic heat produced from physical activity or exercise must be dissipated to maintain
homeostasis. The heat balance equation demonstrates that when heat loss matches heat
production, a thermal steady state is maintained. However, when metabolic rate exceeds the
rate of heat dissipation, heat is stored and core temperature increases. Behavioural and/or
physiological temperature regulation responses can alter the rate of heat storage and heat
dissipation. Behavioural temperature regulation operates through conscious behaviour to
alleviate heat strain (Sawka et al., 2011b) whereas, physiological regulation of heat balance is
controlled by the autonomic nervous system (Morrison and Nakamura, 2011). Afferent and
efferent feedback provides information to the hypothalamic thermoregulatory centre to
initiate effector responses that aim to maintain optimal body temperatures (Sawka et al.,

2011b).

Metabolic heat is dissipated through the activation of evaporative and non-evaporative
(radiation, conduction and convection) heat loss mechanisms (Kenny and Jay, 2013). A large
transfer gradient between the core and skin, and skin and ambient environment facilitates

non-evaporative mechanisms that are controlled through the adjustment in skin blood flow
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and skin temperature (Sawka et al., 1993). Exercising in a hot environment augments heat
production and reduces the heat transfer gradient between the skin surface and the
surrounding environment (Gagge and Gonzalez, 2011). A reduction in the heat transfer
gradient places substantial strain on heat loss pathways and places a greater reliance on sweat
evaporation from the skin surface to maintain heat balance (Sawka et al., 2011a). Aerobic
fitness, acclimatisation and hydration status, clothing, exercise duration and intensity also
influence thermoregulation in the heat (Pandolf, 1979; Nadel et al., 1980; Cadarette et al.,
1984; Sawka et al., 1993).

Metabolic rate and relative exercise intensity (% VOimax) increases when exercising in the
heat compared to exercise in temperate conditions (Gonzalez et al., 1978; Maw et al., 1993).
In an attempt to maintain homeostasis during exercise in hot conditions, skin blood flow and
evaporative sweating work in tandem to dissipate heat and maintain exercise capabilities,
with blood flow redistributed from the viscera to the periphery and working skeletal muscles
(Rowell, 1974; Gonzalez-Alonso et al., 2008). However, during prolonged exercise-heat
stress sweat evaporation reduces central blood and plasma volume (hypovolemia), further
increasing competition between metabolic and thermoregulatory demands for circulating
blood (Montain and Coyle 1992; Sawka et al., 1993). The competition for circulating blood
reduces venous pressure, cardiac filling and stroke volume and in an attempt to maintain
cardiac output and meet metabolic and thermoregulatory demands, heart rate (HR)
progressively increases (Fritzsche et al., 1999; Trinity et al., 2010; Montain and Coyle, 1992;
Lafrenz et al, 2008). If cardiac output is not maintained, heat is stored and exercise

capabilities/performance progressively diminish (Sawka et al., 1985b).

The optimal ambient environment to maximise endurance exercise capacity/performance is
11 °C (Galloway and Maughan, 1997). As ambient temperatures increase beyond this,
relative exercise intensity progressively increases, augmenting physiological and perceptual
strain, shortening the time for fatigue onset and reducing endurance exercise performance and
maximal oxygen uptake (VOaima) irrespective of aerobic fitness (Sawka et al, 1985a;
Galloway and Maughan, 1997; Arngrimsson et al., 2003; Periard et al., 2011; Periard et al.,
2012). For example, marathon times are 5 % slower in races completed in a temperate (20-25

°C) environment, compared to cool conditions (5-10 °C; Montain ef al., 2007).

24



The reduction in exercise performance is, in part, due to aforementioned rise in physiological
strain during exercise in the heat. However, negative perceptions associated with the
elevation in physiological strain initiate behavioural changes to reduce and/or terminate
exercise in the heat in order to protect against excessive heat accumulation (Tucker et al.,
2006). For example, the elevation in skin temperatures, which necessary to dissipate heat, and
the storage of heat during exercise in hot conditions has been associated with an increase in
thermal sensation (Gagge et al., 1969) and reduction in work rate during exercise in the heat

at a fixed rating of perceived exertion (Tucker ef al., 2006).

2.2 Adaptations to the heat

The repeated application of a heat stimulus, that disturbs homeostasis, initiates complex
integrated central and peripheral physiological and perceptual adaptations that can reduce the
detrimental effect of a hot environment on work capacity and exercise performance (Section
2.1; Taylor, 2014). Commonly reported markers of adaptation to the heat include; a lower HR
and body temperatures and a higher sweat rate during exercise in the heat. These
physiological adaptations are paralleled with improvements in perceived exertion, thermal
sensation and an improvement in exercise capacity/performance (Gagge et al., 1967; Sawka
et al., 2011a). The acquisition of these physiological adaptations has also been linked to the
reduction in the number of heat stroke cases in South African gold mines (Cluver, 1932).
Over the past century, strategies to acclimatise to the heat have been adapted from
rudimentary protocols and optimised to suit the demands of numerous industrial,
occupational, military and sporting settings (Dreosti et al., 1935; Cheung and McLellan,
1998; Weller et al., 2007; Garrett et al., 2011; Schmit et al., 2017).

2.2.1 Heat adaptation continuum

The process of adaptation to the heat is sequential, with different adaptations thought to occur
following a different number of heat exposures (Armstrong and Maresh, 1991). Adaptations
that are linked to the cardiovascular system including an expansion in plasma volume and
reduction in exercising HR occur first (= 3-days; Armstrong and Maresh, 1991). These are
followed by reductions in body temperatures (= 5-days), improvements in sweating responses
(= 8-days) and an increase in thermal tolerance (> 10-days; McClung et al., 2008; Sandstrom
et al., 2008), although increases in sweating rate have been noted following fewer heat

exposures (Neal et al., 2016a; Neal et al., 2016b; Rendell et al., 2017). Factors that affect the

25



speed and extent of adaptation include; the size of the daily adaptation/thermal impulse, the
duration of the heat acclimation protocol and the training status of the individual (Sections
2.3, 2.4.1 and 2.4.3). Recent literature has however questioned the timeframe of the
aforementioned adaptations. The suggestion being that an artefact of the conventional,
exercise based constant work-rate heat acclimation protocol, where the stimulus for
adaptation diminishes with ensuing adaptation, may elicit these timeframe differences in
adaptation (Section 2.3; Taylor, 2014). Therefore, it may be more accurate to describe the
adaptation continuum in terms of the size of the thermal stimulus rather than the number of

heat exposures, this however is yet to be quantified (Taylor, 2014).

2.2.2  Physiological and perceptual adaptations to the heat

Irrespective of the method employed to adapt to the heat, an expansion in blood and plasma
volumes are thought to appear first on the adaptation continuum (Shvartz et al., 1973; Senay
et al., 1976, Harrison et al., 1981; Garrett et al., 2012; Patterson et al., 2014). The post-
exercise restoration of blood volume, which is compromised through prolonged exercise in
the heat, is initiated through a rapid increase in total circulating proteins, namely an increase
in plasma albumin content (Fortney et al, 1981; Convertino, 1991). This increase in
circulating proteins increases oncotic pressure, causing a shift in fluid from the extravascular
to intravascular space, which leads to hypervolemic haemodilution (Fortney et al., 1981;
Nose et al., 1988; Goto et al., 2010). This process of expanding plasma volume is assisted by
an increase in thirst and fluid intake following exercise in the heat and a reduction in urine
output, through an increase in sodium reabsorption (Convertino, 1991). The expansion in
plasma volume following heat acclimation increases ventricular filling pressure and stroke
volume, which allows cardiac output to be maintained with a reduction in HR during exercise
in the heat (Rowell et al., 1967; Wyndham et al., 1968; Senay et al., 1976; Gledhill et al.,
1994; Wyndham et al., 1976; Goto et al., 2010). The size of expansion in plasma volume is
however variable and dependent upon the technique and timing of the measurement, the
population, the number of heat exposures and the size of the thermal impulse (Harrison,

1985; Gore et al., 2005; Periard et al., 2015).

Another adaptation associated with heat acclimation is a reduction in body temperatures
during exercise-heat stress (Shvartz et al., 1973; Nielsen et al., 1993; Garrett et al., 2009).

The reduction in core and peripheral body temperatures is initiated through an attenuation in
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metabolic heat production and an improvement heat dissipation through a widening of the
core-to-skin temperature transfer gradient (Chaffee and Roberts, 1971; Sawka et al., 1983;
Assayag et al., 2012). Reducing body temperatures during exercise-heat stress attenuates the
demands placed on the cardiovascular and thermoregulatory systems to support skin blood
flow and evaporative sweating. As such, blood flow can be redistributed to active tissues to
assist in the improvement in exercise capacity and performance in the heat. The reduction in
exercising core temperature may also be attributed, in part, to a reduction in core temperature
at rest that can occur following heat acclimation (Fox et al., 1963; Cotter et al., 1997; Weller
et al., 2007; Brazaitis and Skurvydas, 2010) and physical training programmes (Fox et al.,
1963; Shvartz et al., 1974; Baum et al., 1976). External factors such sleep, fluid and food
intake can affect circadian rhythm therefore, experimental control is required when assessing
resting core temperature (Waterhouse et al., 2005). In a well-controlled experiment, Buono et
al. (1998) first highlighted this reduction in resting core temperature following exercise-heat
acclimation. They reported that 50 % of the reduction in end-exercise core temperature (-0.6
°C) was initiated through a reduction in core temperature at rest (-0.3 °C; Buono et al., 1998;
Tyler et al., 2016). However, this meaningful reduction in core temperature at rest (> 0.20 °C;
Tyler et al., 2016) is not commonly observed following conventional short-term exercise-heat
acclimation (< 5 exposures; STHA; Section 2.3.2; Garrett et al., 2012; Willmott ef al., 2016).
The initiation of this adaptation may therefore require exposure to a larger thermal stimulus.
However, the mechanism for the reduction resting core temperature following heat
acclimation is currently unknown. Elucidation of this mechanism is required but previously
described methods suggest that an increase in resting skin blood flow or reductions in
thermoregulatory set point, basal metabolic rate and/or thyroid activity may initiate this
adaptation (Collins and Weiner, 1968; Chaffee and Roberts, 1971; Aoyagi et al., 1997,
Taylor, 2014).

The reduction in resting core temperature is also a major contributing factor for the reduction
in core temperature at sweating onset reported following heat acclimation. The reduced
threshold for sweating is one of three reported heat acclimation induced alterations in the
sweat response; the other two include an increase in sweating sensitivity and an increase in
production of a more dilute sweat (Dill et al., 1938; Wyndham, 1967; Fox et al., 1967; Allan
and Wilson, 1971). The combined effect of these adaptations is an enhancement in

evaporative cooling and a greater capacity for heat dissipation. Previous research has

27



however questioned whether exercise-heat acclimation improves the sensitivity of the
sweating response (Nadel et al, 1974; Cotter et al., 1997; Patterson et al, 2004). For
example, Nadel and colleagues (1974) suggest that heat acclimation and physical training
programmes completed in temperate conditions, initiate different sudomotor adaptations,
with a reduction in core temperature at sweating onset following heat acclimation and an
increase in sweating sensitivity following physical training. However, within this research
heat acclimation followed physical training without a washout period therefore, an increase in
sweating sensitivity may follow heat acclimation that improves endurance capacity and
initiates partial heat acclimation (Strydom et al., 1966; Nadel et al., 1974; Taylor, 2014).
Additionally, examinations of thermoregulatory adaptations following endurance training in
temperate conditions also demonstrated a reduction in the core temperature threshold for
sweating (Nadel et al., 1974; Henane et al., 1977). This information may suggest that the
reported improvements in sweating sensitivity following heat acclimation may in part be
initiated through an improvement in physical fitness (Sawka et al., 1985a; Lorenzo et al.,

2010; James et al., 2017).

2.2.3  Heat acclimation and endurance performance

The physiological and perceptual adaptations described above reduce thermal strain, prolong
tolerance to exercise-heat stress and increase VOamay in the heat (Sawka et al., 1985a; Nielsen
et al., 1997; Lorenzo et al., 2010; James et al., 2017). More recently, due to the global
locations of numerous sporting events, the effect of heat acclimation/acclimatisation on
endurance athletic performance has become a focus for researchers. For example, Lorenzo et
al. (2010) and Garrett et al. (2012) demonstrated that acclimating to the heat improves 60
min cycling (8 %; Lorenzo et al., 2010) and 2 km rowing (4 s; Garrett et al., 2012) time trial
(TT) performance in the heat. As the 4 s improvement in 2 km rowing performance was
greater than the reported variance of the test (1 % vs 0.6 %), this small performance
improvement is considered beneficial (Schabort et al., 1999; Garrett et al., 2012). However,
the comprehensive study completed by Lorenzo et al. (2010), further highlighted the benefit
of acclimating to the heat on endurance performance in hot conditions, as an exercise
matched control group demonstrated a 4 % reduction (12 % difference to heat acclimation) in
performance following a 10-days of submaximal cycling in temperate conditions (13 °C).
Racinais et al. (2015b) also report that two weeks of heat acclimatisation restored cycling TT

performance and power output in 36 °C to the level observed in 8 °C. The extensive
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investigation by Lorenzo and colleagues (2010) also highlighted that improvements in
performance in the heat were observed alongside similar increases in VOma (8 %) and
power output at lactate threshold (5 %) in hot conditions, suggesting that conventional
exercise-heat acclimation protocols initiate multiple interlinked adaptations to improve

performance in the heat.

Interestingly, Lorenzo et al. (2010) also completed a battery of exercise tests in a cool
environment (13 °C) and observed comparable improvements to those noted in the heat in TT
performance (6 %), VOamax (5 %) and power output at lactate threshold (5 %). Improvements
in aerobic capacity and in time to exhaustion (TTE) have also demonstrated the beneficial
ergogenic effects of heat acclimation (Sawka et al, 1985b; Scoon et al., 2007). These
findings suggest that the adaptations initiated through the completion of heat acclimation may
improve exercise performance in thermoneutral conditions. Therefore, similarly to the
concept of the ‘live-high, train-low’ philosophy, the incorporation of repeated heat exposures
into regular training maybe utilised as a training aid to improve performance in cool

conditions (Corbett et al., 2014).

This beneficial ergogenic effect of heat acclimation is however not universally supported, and
its existence has been debated (Minson and Cotter, 2016; Nybo and Lundby, 2016a). Doubts
regarding the ergogenic effect of heat acclimation exist as TT performance improvements in
temperate conditions are not always observed, even when performance and maximal aerobic
power are improved in the heat (Karlsen er al., 2015; Keiser et al., 2015) or when
determinants of performance (peak power output and lactate threshold) are improved in cool
conditions (Neal ef al., 2016a). These differences within the current literature however, could
be due the difficulty in ensuring maximal participant effort during each trial, or participants
not being fully familiarised with experimental performance tests or due to the difficulties in
blinding participants during heat acclimation (Hopkins et al., 2001; Nybo and Lundby,
2016a). Therefore, future research assessing the ergogenic potential of heat acclimation
should utilise applicable measurement tests, ensure adequate familiarisation and incorporate
exercise-matched control groups. Such experiments may then detect whether the mechanism
for performance improvements in thermoneutral conditions is underpinned by heat
acclimation and/or due to normal training gains through an increase in training load during

heat acclimation (Corbett ef al., 2014; Nybo and Lundby, 2016b).
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2.3  Methods of heat acclimation

Dreosti (1935) first examined heat acclimatisation strategies in South African gold mine
workers through the completion of heat-tolerance screening tests. These original protocols
involved the completion of work related tasks within designated areas of the mine to
acclimatise workers. Over time, with the increasing number of workers entering mines and
with advancements in technology, artificial acclimatisation, or heat acclimation strategies
were developed (Pandolf, 1998). These graded heat acclimation protocols, which exposed
heat intolerant individuals for longer durations to reduce mortality numbers, replaced work-
related tasks with bench stepping exercise in above ground heat chambers that replicated the
environmental conditions within the mine (Wyndham et al., 1969). At this time, the British
military also completed numerous laboratory based heat acclimation investigations (Fox et
al., 1963). These studies progressed the understanding of the stimulus required to induce
optimal adaptation. Over the past century, this understanding has further improved and led to
the development of constant work-rate and controlled hyperthermia heat acclimation
strategies that provide an endogenous thermal load to initiate adaptations to the heat (Fox et

al., 1963; Nielsen et al., 1993; Taylor, 2000).

2.3.1 Constant work-rate heat acclimation

Heat acclimation guidelines recommend the completion of submaximal exercise in the heat
(= 50 % VOimax; = 40 °C) for 1-2 hours on 5-14 consecutive days to initiate adaptations
(Pandolf, 1998; Gill and Sleivert, 2001; Tyler et al., 2016). The exercise completed during
heat exposures can either be of an absolute or a relative exercise intensity, completed for a
fixed duration or to exhaustion (Pandolf et al., 1977; Nielsen et al., 1993; Nielsen et al.,
1997). However, to promote adaptive responses the thermal stress must be sufficient to
elevate body temperatures and initiate sudomotor activity (Henane et al., 1977). Advantages
of this programme are that the environmental conditions, the number of heat exposures along
with the type, intensity and duration of the exercise completed can be manipulated to suit
different scenarios (Shvartz et al., 1973; Wyndham et al., 1973; Sawka et al., 1985a). As the
exercise intensity completed is submaximal and at a fixed intensity, physiological
measurements are not necessarily required, other than to ensure safety and confirm
physiological adaptation. Research concerning constant work-rate heat acclimation has
demonstrated that this protocol induces adaptations that attenuate thermal strain and improve

tolerance to exercise-heat stress (Wyndham et al., 1973; Nielsen et al., 1993). In addition,
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this protocol is economic and simple to perform in high numbers. Due to the relative ease of
the completion of this protocol and the adaptations it initiates, athletes and military personnel
commonly adopt constant work-rate heat acclimation in preparation for competing or
working in the heat. The improvement in endurance exercise performance in the heat and its
potential ergogenic effect in improving performance in cooler conditions (Section 2.2.3) has
also been quantified following constant work-rate heat acclimation, adding to its potential

benefits (Lorenzo et al., 2010).

Although the flexibility, ease of use and the induced adaptations make the constant work-rate
protocol a very commonly used regime, it is not without its limitations (Taylor and Cotter,
2006). Access to an artificial hot environment is required and as improvements in heat
dissipation occur over the course of the intervention, heat storage and the relative intensity of
the exercise gradually decreases with adaptation (Senay and Kok, 1977). With this reduction
in thermal strain, physiological overload will lessen or cease, resulting in habituation to the
non-progressive heat challenge. In military and occupational settings, constant work-rate
protocols enable individuals to become accustomed to a standard challenge however, for
athletes, the reduction in thermal strain results in sub-optimal adaptation. As a result, the
expansion in plasma volume, for example, will to return to pre-acclimated levels during the
completion of the intervention (Shapiro et al., 1981; Aoyagi et al., 1995). Additionally, data
acquired from constant work-rate heat acclimation also demonstrates high inter-individual
and between protocol variability due to differences in the adaptation impulse which makes
interpretation of the results difficult (Pandolf ez al., 1977). Therefore, for an athlete seeking
optimal adaptation or when completing mechanistic research, it is necessary to expose
individuals to a constant, standard thermal impulse to reduce this variability (Fox et al., 1963;

Taylor, 2014).

2.3.2  Controlled hyperthermia heat acclimation

Researchers now advocate the use of the controlled hyperthermia technique to combat the
progressive reduction in thermal strain with ensuing adaptation observed during constant
work-rate heat acclimation (Taylor and Cotter, 2006). Controlled hyperthermia heat
acclimation exposes individuals to a constant thermal impulse during heat exposures, via the
clamping of core temperature above sweating threshold (Taylor, 2000). In elegant, ground

breaking research, this method was first offered by Fox ef al. (1963) who demonstrated that
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clamping rectal core temperature (7r; 38.5 °C; 60 min) using passive heating on 12-days
reduced thermoregulatory and cardiovascular strain during intermittent exercise in the heat.
Exercise based controlled hyperthermia heat acclimation maintains progressive physiological
overload throughout the intervention via an increase in exercise volume during exposure
sessions (Gibson et al., 2015a). This constant forcing function optimises adaptation and
allows for the isolation and measurement of variables, in mechanistic research (Fox et al.,

1963; Taylor, 2014).

Controlled hyperthermia heat acclimation has been demonstrated to induce a similar extent of
adaptation as the constant work-rate protocol (Tyler ef al., 2016), and similarly improves self-
paced performance in the heat (Garrett et al., 2012). However, as controlled hyperthermia
maintains the thermal stimulus throughout the intervention the expansion in plasma volume is
maintained, an adaptation that is lost during 10 to 12-days of constant work-rate exercise in
the heat (Shapiro et al., 1981; Aoyagi et al., 1995; Patterson et al., 2004; Patterson et al.,
2014; Gibson et al., 2015a). Additionally, the physiological cost of acquiring this similar
extent of adaptation from controlled hyperthermia is reduced, with a lower exercise duration
(= -30 min) and lower mean exercise intensity (= -9 % VOppear) completed during controlled
hyperthermia sessions than that completed during constant work-rate exposures (Gibson et

al., 2015a).

Based on these findings, the completion of controlled hyperthermia may have a greater
practical application and reduce disruptions to training/taper programmes compared to the
implementation of constant work-rate protocols (Gibson et al., 2015a). This method of
acclimating to the heat is still however not without its limitations, namely that access to an
artificial hot environment is still required and the completion of the protocol increases
training load, which may overreach and/or negatively affect the quality of an athlete’s taper
(Meeusen et al., 2013). This increase in training load initiated through the completion of heat
acclimation contradicts current pre-competition taper recommendations that training load
should decrease, fatigue should be avoided and hydration should be maintained to optimise
subsequent exercise performance (Le Meur ef al., 2012; Meeusen et al., 2013; Periard ef al.,
2015). Dehydration is nevertheless inevitable from daily exercise in the heat and often
encouraged (Garrett ef al., 2014; Akerman et al., 2016). Progressive dehydration during heat

acclimation sessions may improve the extent of adaptation (Garrett et al., 2014), but if
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athletes are not adequately rehydrated following each heat exposure, exercise
capacity/performance in the heat will be attenuated (Casa et al., 2010; Garrett et al., 2011). In
addition, a measure of core temperature, which requires specialist equipment, is paramount
for the completion of controlled hyperthermia heat acclimation, as are practitioners or trained
staff who prescribe exercise intensity to maintain thermal strain during the heat exposures.
This reduces the practicality of the protocols, which can affect throughput numbers and

athlete engagement and/or increase the cost of completing the protocol (Periard et al., 2017).

2.3.3 Alternative methods of heat acclimation

The aforementioned methods of heat acclimation utilise exercise in a hot environment as a
stimulus for adaptation to the heat. It is however, possible to apply a thermal stress, to initiate
adaptive responses, without an exercise stimulus as Fox and collegues (1963) demonstrated
when developing the controlled hyperthermia heat acclimation technique (Taylor, 2014).
Passive heat acclimation uses exposure to a hot air environment (> 45 °C; Henane and Bittel,
1975; Hessemer et al., 1986; Shido et al., 1999; Beaudin et al., 2009), sauna bathing (Scoon
et al., 2007; Stanley et al., 2015) or by wearing encapsulating clothing (Fox et al., 1963; Fox
et al., 1967) to induce heat acclimation adaptations. It is also possible to induce heat
acclimation adaptations through immersion in hot water, which is explained in detail in
Section 2.6. Methods of passive heat acclimation are however not widely investigated or
commonly used in practical scenarios, as traditional views suggest that the lack of an exercise
stimulus and discomfort to the heat, which may lead to participant withdrawal, reduces the
size of the thermal impulse and attenuates adaptation (Taylor et al., 1997; Taylor et al.,

2014).

Nevertheless, passive heat acclimation techniques have been demonstrated to initiate classical
heat acclimation adaptations such as reductions in core temperature at rest, at sweating onset
and following exercise in the heat (Fox et al., 1963; Shido ef al., 1999). Additionally, resting
plasma volume is expanded and cardiovascular strain during submaximal exercise in the heat
is attenuated (Fox et al., 1963; Fox et al., 1967; Scoon et al., 2007; Stanley et al., 2015).
These adaptations are likely achieved through the similar rises in core temperature (= 38.5
°C) during exposure sessions as that observed during exercise-heat acclimation (Hessemer et
al., 1986; Garrett et al., 2009). The additional elevation in peripheral body temperatures, in

response an extreme external thermal stress (> 45 °C; Henane and Bittel, 1975; Hessemer et
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al., 1986; Shido et al., 1999; Beaudin et al., 2009), may also provide an additional stimulus
for adaptation (Fox ef al., 1964; Regan et al., 1996). Advantages of passive heat acclimation
interventions are that they are economical and may integrate better into training/taper as they
cause fewer training disturbances, do not increase training load and can be completed away
from specialist laboratories. From a mechanistic standpoint, passive interventions may also
provide clearer information regarding adaptation to the heat as minimal metabolic responses

contribute to the observed thermal responses.

Despite the promising application of alternative heat acclimation methods, some of the
protocols outlined above still suffer from the same practical restrictions as exercise-heat
acclimation. An artificial hot environment or specialist clothing may be still necessary, as is a
measure of core temperature and a practitioner to monitor the thermal impulse (Fox et al.,
1963; Fox et al., 1967; Henane and Bittel, 1975; Hessemer et al., 1986; Shido et al., 1999).
There is also the possibility of ‘home-remedy’ interventions causing heat causalities, through
an individual’s motivation to maximise the benefits of the protocol without trained
supervision. The safe use of these alternative passive heat acclimation methods does however
offer flexible strategies, that more readily fit around daily training however, the effect of
passive interventions on endurance exercise performance in hot and temperate environments
is still an area of little research. Future, well-controlled investigations are therefore required
to elucidate the effects of passive and post-exercise passive interventions on training/taper
quality, the extent of induced adaptation and subsequent exercise capabilities/performance in

hot and thermoneutral conditions.

2.4  Factors that affect heat acclimation adaptation

Adaptations to the heat can be induced through the previously explained heat acclimation
protocols (Section 2.3). Additional factors however, such as the length of the heat
acclimation intervention, the time of day that the intervention takes place and the fitness of
the individual can also effect the extent of adaptation. Recommendations state that these
factors should be considered when attempting to acclimate to the heat (Taylor, 2014; Periard

etal.,2015).
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2.4.1 Length of heat acclimation interventions

The number of days that heat acclimation protocols are completed over is currently used to
categorise programmes into short (STHA; < 7-days), medium (MTHA; 8 to 14-days) and
long-term (LTHA; > 15 days) interventions (Garrett ef al., 2011). Acquiring tolerance to the
heat is a sequential process, with the rate of adaptation differing between different
physiological and perceptual variables (Section 2.2.1; Armstrong and Maresh, 1991).
Traditional views suggest that the extent of adaptation as well as the induction of additional
heat acclimation adaptations such as, improvements in sudomotor responses are initiated
following MTHA to LTHA, potentially due to an increased exposure to a thermal stimulus
(Armstrong and Maresh, 1991; Cotter et al., 1997; Pandolf, 1998; Patterson et al., 2004). As
such, research suggests that exercise based MTHA to LTHA provides optimal adaptation and
improves exercise capacity/performance in the heat and reducing heat causality risks (Section
2.3; Gill and Sleivert, 2001; Sawka et al., 2011a; Casa et al., 2015; Periard et al., 2015).
However, most performance enhancing adaptations, such as an expansion in plasma volume
and reductions in exercising HR and core temperature begin to occur during STHA
(Armstrong and Maresh, 1991). In addition, recent evidence contradicts these traditional
beliefs and suggests that extending the number of heat acclimation exposures may not
increase the magnitude of induced adaptation (Gibson et al., 2015a; Tyler et al., 2016).
Therefore, when the time to acclimate is limited, or when minimal disruptions to pre-
competition training/taper is required, the completion of more than seven exposures may be

unachievable, costly and unnecessary (Garrett et al., 2011).

Due to the perceived negative impact of MTHA on training quality (Garrett et al., 2011) and
the rapid uptake of heat acclimation adaptations (= 75 %; Pandolf, 1998), STHA programmes
are thought to be an economic and practical alternative, while still providing substantial
adaptation and performance benefits in the heat (Shvartz et al., 1973; Periard et al., 2015). In
a series of investigations, Garrett and colleagues (2009; 2012; 2014) demonstrated that 5-
days of controlled hyperthermia heat acclimation initiated adaptations that reduced thermal
and cardiovascular strain during exercise-heat stress. These investigations do not however
initiate a meaningful reduction in resting core temperature (> 0.20 °C; Tyler ef al., 2016), an
adaptation, along with improvements in sweating responses that are more commonly (Cotter
et al., 1997; Buono et al., 1998), but not always (Neal et al, 2016a; Neal et al, 2016b;

Rendell ef al., 2017), observed after six or more heat acclimation exposures. In addition, five
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controlled hyperthermia heat acclimation sessions have however subsequently been
demonstrated to initiate a moderate reduction in core body temperature a rest (= -0.2 °C;

Gibson et al., 2015a; Neal et al., 2016a; Neal ef al., 2016b).

The moderate reduction in resting core temperature following short-term controlled
hyperthermia heat acclimation provides the suggestion that when the thermal stress is high
during heat acclimation exposures, the number of sessions that are required to elicit optimal
adaptation may reduce (Gibson ef al., 2015a; Neal et al., 2016a; Neal et al., 2016b; Rendell et
al., 2017). In this respect therefore, adapting to the heat, is much like the acquisition of
endurance training benefits and is not only dependent upon the frequency, but also the
magnitude and duration of the adaptation stimulus (Taylor et al., 2014). Fox et al. (1963)
outlined these adaptation parameters through the demonstration that a larger elevation in core
temperature (38.5 vs 37.3 °C), maintained for a longer duration (120 vs 30 min), initiates
greater reductions in core temperature (-1.05 vs -0.35 °C) and HR (-27 vs -7 beats'min™)
during exercise-heat stress. In addition, as heat acclimation adaptations can also be achieved
through the completion of twice-daily exposures, estimating the extent of adaptation from the
number of days that exposures take place on, may be too simplistic (Lind and Bass, 1963;
Willmott et al., 2016). The size of the cumulative thermal impulse, or the change in body
temperatures with respect to time (°C-min™'; Taylor 2014) during heat acclimation exposures
may therefore be a better predictor of subsequent adaptation (Sawka et al., 2011a; Tyler et
al., 2016).

2.4.2 Time of day heat acclimation adaptations

Current recommendations concerning the induction of heat acclimation state that consecutive
daily heat exposures completed at the same time of day, optimises adaptations at the same
clock-time on subsequent days (Shido et al., 1999; Gill and Sleivert, 2001; Cable et al., 2007,
Beaudin ef al., 2009; Chalmers et al., 2014; Periard et al., 2015). Clock-time heat acclimation
adaptations were originally reported in a series of investigations, where the scheduling of heat
acclimation interventions on circadian rhythm and thermoregulatory responses in rats was
examined (Shido et al., 1989; Shido ef al., 1991b). Data from these investigations; where a
variety of experimental models were employed, report reductions in core temperature and
improvements in thermoregulatory responses throughout the day, but that these adaptations

were augmented at the same clock-time as previous heat exposures (Shido ef al., 1991a;
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Shido et al., 1991b; Sakurada et al., 1994; Hara et al., 2001). It was hypothesised, that these
time of day adaptations originate from the suprachiasmatic nucleus within the hypothalamus
which memorises the heat exposure clock-time and establishes a new circadian rhythm in
preparation for an anticipated heat stress (Maruyama et al., 2007). These clock-time
adaptations were later investigated in humans using a 9 to 10-day, 4 h passive heat
acclimation protocol. In support of the findings from the animal studies, heat acclimation
reduced core temperature by a larger magnitude in humans at the same clock-time that
previous heat exposures occurred (Shido et al., 1991a; Shido et al., 1991b; Sakurada et al.,
1994; Hara et al., 2001). Additionally, sweating latency and core temperature at sweating
threshold, during passive lower leg hot water immersion, were also reduced by a larger

magnitude at the same time of day as the previous heat exposures (Shido et al., 1999).

The time of day adaptations outlined by Shido and colleagues (1999) provided the rationale
to align heat acclimation sessions with the anticipated time of exercise-heat stress (Gill and
Sleivert, 2001; Cable et al., 2007; Beaudin et al., 2009; Chalmers et al., 2014; Periard et al.,
2015). However, upon analysis of the experimental protocol and data, it is apparent that much
of this evidence is inconclusive. For example, the recommendation is based on core
temperature and thermoregulatory data at rest, not during exercise-heat stress. Additionally,
when an acute passive internal heat stress was applied to rats following a 14-day passive heat
acclimation protocol, core temperature and skin temperature responses improved similarly
throughout the day (Sugimoto et al., 1995). The purported time of day reduction in resting
core temperature also may not be evident > 3-days following heat acclimation, raising
questions regarding the practical relevance of matching heat acclimation sessions with the
anticipated clock-time of future exercise-heat stress (Shido et al., 1991a; Sakurada et al.,
1994). Information concerning the number of heat exposures required to demonstrate the time
of day heat acclimation adaptation is also contradictory. Sakurada et al. (1994) demonstrate
that time of day adaptations are evident following fourteen heat exposures, whereas data from
this groups original work suggests that this adaptation is observed after five exposures but is
no longer present after ten (Shido et al., 1989). Data concerning the thermoregulatory
responses of humans during passive heating is also inconclusive. Shido et al. (1999) state that
sweating responses demonstrated ‘time-memory’ adaptations however, the poor sample size,
the absence of detailed sweating data and a meaningful reduction in resting core temperature,

do not provide categorical evidence in support of this finding (Shido ef al., 1999).
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Adherence to the recommendation to match the time of heat acclimation sessions with the
clock-time of anticipated exercise-heat stress also has practical limitations and can only be
followed if the time of exercise-heat stress is known and if individuals are to only be exposed
to exercise-heat stress at that clock-time. For athletes and military personnel these conditions
cannot always be met. These individuals are likely required to complete races at different
times or complete operations and be exposed to exercise-heat stress throughout the day.
However, even when the conditions can be met, following the recommendation may cause
disturbances to training or sleep patterns, especially with movement across time zones. For
example, if following this recommendation, UK based athletes who are to compete at 1200 h
local time at the 2018 Gold Coast Commonwealth Games or 2020 Tokyo Olympics would be

instructed to complete heat acclimation sessions at =~ 0300 h.

Information regarding whether the presence of clock-time heat acclimation adaptations exist
during exercise-heat stress therefore has practical relevance and will influence the integration
of heat acclimation protocols into training regimes. Current heat acclimation research
however, may provide some evidence to the contrary of the work of Shido and colleagues.
For example, short-term controlled hyperthermia heat acclimation completed at the same, or
at a different clock-time, have been shown to demonstrate similar reductions in
cardiovascular and thermoregulatory strain following exercise-heat stress (Garrett et al.,
2009; Gibson et al., 2015a). Although, in line with the work of Shido and colleagues (1999),
when these times were matched, reductions in core temperature at rest were reported (Gibson
et al., 2015a), but when sessions were completed at a different clock-time (1500 — 1700 h) to
exercise-heat stress (0900 — 1200 h), core temperature at rest remained unchanged (Garrett et
al., 2009). Therefore, research is required to establish whether circadian rhythm demonstrates
clock-time heat acclimation adaptations and to establish if time specific adaptations are
apparent during exercise-heat stress and the impact that this may have on exercise capabilities

in the heat.

2.4.3  Training status and heat acclimation adaptations

An individual’s aerobic fitness can influence physiological strain during acute exercise-heat
stress and adaptation from heat acclimation (Pandolf et al., 1977). The differences in
physiological strain experienced between endurance trained and lesser trained individuals is,

in part, attributable to endurance training providing greater stability in cardiovascular
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function through an expanded in blood volume and improvements in ventricular filling and
myocardial contractility (Senay et al., 1976; Schaible and Scheuer, 1979; Gledhill et al.,
1994). Increases in aerobic capacity may also improve the sweat response during exercise-
heat stress through an increase in sweating sensitivity and reduction in core temperature at

sweating onset (Gisolfi, 1973; Nadel et al., 1974; Cadarette et al., 1984).

Habitual endurance exercise, much like heat acclimation exposure sessions, repeatedly
elevates body temperatures, increases cutaneous blood flow and activates sweating responses
(Cadarette et al., 1984). Consequently, the aerobically trained demonstrate thermoregulatory
adaptations and tolerance to the heat akin to ‘partial’ heat acclimation (Piwonka et al., 1965;
Strydom et al., 1966; Wyndham et al., 1968; Gisolfi, 1973). Therefore, the aerobically
trained experience less cardiovascular and thermal strain during exercise-heat stress than the
lesser trained at the same absolute work rate (Piwonka and Robinson, 1967; Gisolfi, 1973;
Shvartz et al., 1977; Cadarette et al., 1984; Goto et al., 2010). Although habitual endurance
training initiates partial heat acclimation adaptations, exposure to an external heat stress is
required to optimise adaptation to the heat (Fox ef al., 1964; Piwonka et al., 1965; Strydom et
al., 1966; Regan et al., 1996). Currently, there is a lack of heat acclimation research that
provides information regarding the effect of the intervention specifically on elite athletes
(Bergeron et al., 2012). The present literature does however suggest that as aerobic fitness
increases, the time or number of heat acclimation sessions required to attain full adaptation
decreases, with a negative correlation (7 = -0.68) existing between VOymax and the number of
sessions required for end-exercise core temperature to plateau (+ 0.1 °C) during constant

work-rate heat acclimation (Pandolf et al., 1977).

The constant work-rate heat acclimation protocol utilised by Pandolf et al. (1977) to
demonstrate the effect of aerobic fitness on adaptation to the heat, required participants to
complete 100 min of treadmill walking at 4.8 km.h™' in the heat (49 °C, 20 % RH). As the
exercise protocol was not adjusted for aerobic fitness, the plateau in core temperature is
however more likely a measure of habituation to a standard heat challenge, rather than the
attainment of optimal adaptation (Section 2.3.1; Shvartz et al., 1977; Cheung and McLellan,
1998; Taylor, 2014). Shvartz and colleagues (1977) demonstrated this through the completion
of eight constant work-rate heat exposures. Data from this group demonstrate that as

untrained individuals were exposed to a larger cumulative thermal stimulus during constant
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work-rate heat acclimation sessions than endurance trained individuals, they experience
larger attenuations in HR (-22 vs -12 beats'min') and core temperature (-0.7 vs -0.4 °C)
during exercise-heat stress. Additionally, exposure to the larger relative thermal stress also
initiated a reduction in core temperature at rest in the untrained (-0.3 °C), which was not

observed in the trained participants (-0.1 °C; Shvartz et al., 1977).

The literature regarding magnitude of induced heat acclimation adaptation in endurance
trained and untrained individuals suggests that inter-individual differences in the thermal
impulse or the lack of a constant forcing function may account for variance in the extent of
adaptation. Controlled hyperthermia heat acclimation exposes individuals to a standard
endogenous thermal impulse and thus may initiate a similar extent of adaptation in trained
and untrained individuals (Section 2.3.2; Taylor and Cotter, 2006). This comparison is
however yet to be made but, current research that utilises this heat acclimation technique
suggests that similar reductions in resting core temperature (-0.2 °C) may occur in trained and
lesser-trained individuals (Mee ef al., 2015; Neal et al., 2016a; Neal et al., 2016b; Rendell et
al., 2017). The extent of adaptation in aerobically trained and lesser/moderately trained
individuals using alternative heat acclimation methods is also yet to be established. Although
these strategies have been shown to initiate cardiovascular adaptations and improve
performance in endurance trained individuals (Section 2.3.3; Scoon et al., 2007; Stanley et
al., 2015). One consideration however, of using alternative strategies is that these
interventions can be self-regulated, which may influence the size of the thermal impulse and

consequently the extent of induced adaptation.

2.5  Decay of heat acclimation adaptations

Information regarding the induction of physiological and perceptual heat acclimation
adaptations is extensive (Section 2.2). Phenotypic heat acclimation adaptations are however
transient and will disappear following the removal of a heat stimulus (Armstrong and Maresh,
1991). It is suggested that the adaptations that occur first, which are of a cardiovascular
nature, such as an expansion in plasma volume and a reduction in exercising HR, demonstrate
the most rapid decay (Williams et al., 1967; Pandolf et al., 1977; Armstrong and Maresh,
1991; Flouris et al, 2014). Knowledge regarding heat acclimation adaptation decay is

however limited and explanations for the differences in the literature are in part, due to a lack
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of consistency between experimental designs, small sample sizes and/or inappropriate

measures (Pandolf, 1998).

Original examinations of the decay of heat acclimation suggested that the loss of adaptation
was as rapid as its acquisition, with the loss of 1-day of adaptation for every 2-days without a
heat exposure (Givoni and Goldman, 1973). Subsequent work has however reported contrary
findings, and demonstrated that phenotypic adaptations are retained for much longer (Pandolf
et al., 1977, Weller et al., 2007; Poirier et al., 2015). Pandolf and colleagues (1977)
suggested that a degree of core temperature and HR adaptations are retained for 18-days,
following a 9-day constant work-rate heat acclimation protocol. These findings were later
substantiated by Daanen et al. (2011) and Weller et al. (2007), who concluded that
adaptations may be observed up to a month after the completion of heat acclimation (Weller
et al., 2007). The heat acclimation protocols utilised in these investigations initiated
meaningful reductions in resting and end-exercise core temperature. Following the respective
decay protocols, they report either minimal decay in resting core temperature (2 %), or
interestingly, a further attenuation in end-exercise (-9 %) core temperature (Weller et al.,
2007; Daanen et al., 2011). In agreement with the popular consensus that those adaptations
that are initiated first, are most rapidly lost, Weller et al. (2007) report a modest decay in HR
(= 30 %) but again, Daanen et al. (2011) report no decay in end-exercise HR. Interestingly,
the loss in sweating improvements was substantial in both investigations (Weller et al., 2007;
Daanen et al., 2011). These findings contradict the heat acclimation decay continuum
consensus, as the improvement in sweating responses are thought to occur later on the

adaptation continuum (Section 2.2.1; Armstrong and Maresh, 1991).

STHA protocols that utilise the controlled hyperthermia technique are thought to induce a
large portion of heat acclimation adaptations which is observed, in part, through a meaningful
reduction in core temperature (> 0.20 °C; Tyler et al., 2016) following exercise-heat stress
(Sections 2.3.2 and 2.4.1; Pandolf, 1998; Gibson et al., 2015a; Garrett et al., 2009).
Increasing the number of heat acclimation exposures is commonly thought to increase the
extent in adaptation (Pandolf, 1998). It would therefore be expected, that STHA demonstrates
a different pattern of decay in comparison to MTHA that utilise the constant work-rate
technique (Weller et al., 2007; Garrett et al., 2009). Garrett and colleagues (2009)

investigated adaptation decay from short-term controlled hyperthermia heat acclimation and
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observed no decay in adaptations after 7-days however, these adaptations had completely
disappeared after 14-days. Therefore, the extent of observed adaptation immediately
following heat acclimation protocols may, in part, indicate the timescale of adaptation
retention. Using the available information, adaptations such as the reduction in resting core
temperature, that occurs following a greater number of exposures, or following exposure to a
larger thermal impulse, could be an indicator that predicts the timeframe of adaptation
retention (Weller ef al., 2007; Garrett et al., 2009). However, other influences such as aerobic
fitness and habitual endurance exercise could also be determining factors that may extend the
timeframe for the retention of heat acclimation, but this is yet to be substantiated (Taylor,

2014).

Despite the benefits on the extent of adaptation and the duration of adaptation retention of
MTHA (Section 2.4.1), STHA remains the preferred induction method, as the reduced
number of exposures is considered to cause less disturbances to training and better maintain
the quality of an athlete’s taper (Garrett et al., 2011). However, due to the rapid decay of
adaptations from STHA, these sessions are required to be completed in close proximity to
competition/deployment. As cytoprotective molecular adaptations occur following MTHA
(Tetievsky et al., 2014; Horowitz, 2016) and the retention of thermoregulatory and
cardiovascular adaptations may remain for up to a month, it may therefore be more
advantageous for athletes and military personnel to complete MTHA protocols 3 to 4-weeks
before they are to be exposed to the heat. Individuals may then either have acquired the
adaptation, or could ‘top-up’ adaptations during their taper/48 h prior to rapid deployment.
Weller et al. (2007) outlined this possibility and observed full reinstatement of adaptations

after 2-4 heat exposures following 4-weeks without a heat stimulus.

2.6  Hot water immersion as a potential method of heat acclimation

To acquire heat acclimation adaptations current recommendations, suggest the completion of
exercise-heat acclimation protocols (Section 2.3; Pandolf, 1998; Tyler et al., 2016). As
previously described (Section 2.3.3), it is also possible to elevate body temperatures and
initiate sweating responses without the use of an exercise-heat stimulus to initiate heat
acclimation. However, many passive heat acclimation protocols do not alleviate all of the
practical limitations associated with exercise-heat acclimation (Section 2.3.3). One passive

intervention that may reduce these practical limitations is acclimating to the heat through
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immersion in hot water (> 39 °C) following exercise in temperate conditions. Saturating the
skin in hot water, following temperate exercise that causes a moderate rise in body
temperatures, provides an exogenous heat stress that restricts heat loss pathways and further
storage of heat. This concept of acclimating to the heat through immersion in hot water is not
new, and has previously been used as either an initial stimulus prior to exercise-heat
acclimation sessions or, in combination with an exercise-heat acclimation protocol (Turk and

Thomas, 1975; Ruddock et al., 2016).

Currently, no research has used a hot water immersion following exercise in temperate
conditions as a stimulus for heat acclimation. Investigations that have used hot water
immersion to initiate heat acclimation adaptation, without an additional exercise-heat
stimulus, have received little attention, but the completed research has yielded encouraging
results (Brebner et al., 1961; Bonner et al., 1976; Shin et al., 2013). For example, a small (n
= 4) R.AF report originally assessed passive hot water immersion heat acclimation and
observed that 10 immersions to the neck, in 40 °C water, reduced oral temperature and HR at
rest and during bench stepping exercise in the heat as well as increasing sweat rate during
exercise (Brebner et al., 1961). Intermittent seated passive immersion in 41 °C hot water in
five healthy males has also previously been utilised similarly to the controlled hyperthermia
model, to maintain mild hyperthermia (aural core temperature; 38.5 °C) during heat
acclimation, which initiated an expansion in plasma volume (+7 %), a hallmark of heat
acclimation (Section 2.3.2; Bonner ef al., 1976). Brazaitis and Skurvydas (2010) have also
used passive immersion in hot water to induce heat acclimation adaptations. Heat acclimation
was initiated using a repurposed muscle warming protocol (Sargeant, 1987), with seven
exposures, immersed to the waist (= 44 °C water for 45 min) completed over 14-days.
Unfortunately, the effect of this protocol on thermal strain during exercise-heat stress was not
assessed. Although, at rest, core temperature was reduced (-0.3 °C) and following the final
hot water immersion, core temperature (-0.3 °C), HR (-12 beats'min™") and sweat loss (+10 %

sweat loss) demonstrated heat acclimation adaptations (Brazaitis and Skurvydas, 2010).

Based on the presented findings, and information from other alternative heat acclimation
strategies it may be hypothesised that hot water immersion heat acclimation protocols would
reduce thermal strain during exercise-heat stress and improve endurance exercise

performance in the heat (Section 2.3.3; Fox et al., 1963; Fox et al., 1967; Scoon et al., 2007).
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Another promising finding from hot water immersion heat acclimation is that the magnitude
of core temperature reduction observed at rest, after only 7 exposures (Brazaitis and
Skurvydas, 2010), is similar to that observed following longer duration exercise-heat
acclimation (> 8 exposures; Nielsen et al., 1993; Nielsen et al., 1997; Weller et al., 2007).
The similarities in adaptation between these exercise based and hot water immersion
protocols is likely attributable to the similar daily core temperature rise and/or the combined
elevation of core and skin temperatures during immersion in hot water (Fox et al., 1964;
Regan et al., 1996). The incorporation of a post-exercise hot water immersion into training
may therefore provide a greater stimulus for heat acclimation or reduce the time required to
be immersed in hot water to provide similar benefits. The similarity in the extent of resting
core temperature reduction may also provide information regarding the retention of
adaptations, which was hypothesised to be up to a month when large meaningful reductions
in resting core temperature are initiated following exercise-heat acclimation, this however is
yet to be substantiated (Section 2.5; Pandolf et al., 1977; Weller et al., 2007; Brazaitis and
Skurvydas, 2010; Tyler et al., 2016).

The current hot water immersion heat acclimation research is however limited by small
sample sizes, a lack of physiological measurements and large differences in the extent of
induced adaptation. In addition, the effect of repeated daily immersion in hot water following
exercise in temperate conditions on hallmarks of heat acclimation is yet to be established.
Also, thermoregulatory assessment of heat acclimation induction from immersion in hot
water has either been made during immersion in hot water (Brazaitis and Skurvydas, 2010;
Shin et al., 2013) or during low intensity exercise (Brebner et al., 1961; Bonner et al., 1976).
The induced adaptations from hot water immersion heat acclimation may have a beneficial
effect on exercise capacity and/or performance in the heat; again, however, this requires

investigation (Brebner et al., 1961; Bonner et al., 1976).

Hot water immersion heat acclimation protocols may also have practical advantages over
exercise based protocols, through the potential to be easily incorporated into training regimes
or taper (Brebner et al., 1961; Bonner et al., 1976; Brazaitis and Skurvydas, 2010; Shin et al.,
2013). It is also conceivable that much like the post-exercise sauna intervention described
earlier, a novel protocol involving the completion of hot water immersion after exercise in

temperate conditions could be incorporated into post-exercise washing regimes (Section
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2.3.3; Scoon et al., 2007; Stanley et al., 2015). The integration of a hot water immersion
following training may increase training stress however, unlike conventional exercise-heat
acclimation the completion of these protocols would not increase training load, therefore
possibly avoiding the performance decrements associated with overreaching (Meeusen et al.,
2013). Another potential advantage of a post-exercise hot water immersion heat acclimation
is that this protocol could be easily adapted to suit a number of different situations. For
example, when the aim is to improve tolerance to a standard heat challenge, the length of the
immersion or water temperature could be reduced. Alternatively, for athletes wishing to
optimise performance, completing a longer duration immersion may increase the thermal
impulse and the magnitude of subsequent adaptation (Brebner et al., 1961; Bonner et al.,
1976; Brazaitis and Skurvydas, 2010). It should be taken into consideration however that the
perceptual discomfort associated with immersion in hot water could cause participants to
remove themselves from the heat stress, in turn, reducing the thermal impulse and attenuating
adaptation (Taylor et al., 1997; Taylor et al., 2014). On the other hand, highly motivated
individuals driven to maximise adaptation should be aware of dangers such as burning the
skin in very hot water, syncope when exiting the immersion and the development EHI, which
may occur with large elevations in body temperatures. Accordingly, research is required to
confirm the outlined benefits of a post-exercise hot water immersion protocol on the initiation
of hallmark heat acclimation adaptations, the attenuation of thermal strain during exercise-

heat stress and the improvement of exercise capacity/performance in the heat.

2.7 Thesis objectives

The present literature review has highlighted the practical difficulties regarding the
completion of heat acclimation and interrogated current recommendations that are associated
with acclimating to the heat. The aim of this thesis was to investigate the efficacy of a short-
term post-exercise hot water immersion heat acclimation intervention. This thesis also
investigates the effect of post-exercise hot water immersion on exercise capabilities and
endurance performance in temperate and hot conditions. Additional objectives of this thesis
include; establishing whether the intervention induces adaptations that are clock-time
dependent, assessing if the intervention induces heat acclimation adaptations in both
endurance trained and recreationally active males and to track the phenotypic decay of the

induced adaptations.
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CHAPTER THREE

General Methods

3.1 Ethical Approval
Each study received ethical approval from the School of Sports, Health and Exercise Sciences

at Bangor University (Chapters 4, 5, 6 and 7) and was conducted in accordance with the

Declaration of Helsinki (2013).

3.2 Participants

Following a full briefing of experimental procedures, all participants provided full written
informed consent (Appendix A) and completed a medical screening questionnaire
(Appendix B). Participants were physically active, healthy, non-smokers, free from any
known cardiovascular or metabolic diseases and were not taking any medication.
Additionally, prior to the commencement of their participation, all individuals were non-heat
acclimatised (no heat exposure in the previous 3-months) and did not regularly take hot baths

or saunas (< 1 per week).

33 Maximum oxygen uptake and speed verification

Maximum oxygen uptake (VOimax) Was assessed by means of a continuous incremental
exercise test on a motorised treadmill (Chapters 4, 5, 6 and 7). Participants began by
running for 3 min at 8 km-h™', 1 % gradient. Following this, running speed was increased by 2
km-h" every 3 min, with the gradient kept constant until 16 km-h™. On the completion of the
16 km-h™' stage, the gradient was increased by 2.5 % every 3 min until volitional exhaustion.
Expired air was analysed continuously using an on-line breath-by-breath system (Cortex
Metalyser 3B, Biophysik, Leipzig, Germany) to determine oxygen uptake (VO,). Using the
interpolation of the running speed—VO, relationship, the running speed that elicited 65 %
VOamax Was then determined and verified 30 min later with a 60 s expired gas sample
collected by Douglas bag method. This individualised running speed was used for both the
submaximal exercise during experimental trials and intervention days (Chapters 4, 5, 6 and

7).
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34 Physiological measurements

3.4.1 Body temperatures

Rectal (Ti.; Chapters 4, 5, 6 and 7) and oesophageal core temperature (7cs; Chapter 7) were
measured using flexible, sterile, disposable thermistors (Henleys Medical Supplies Ltd.,
Herts, UK) and recorded using a data logger (YSI model 4000A, YSI, Dayton, USA). Prior to
insertion of the T} thermistor, a bead was fixed 10 cm from the inserted end to ensure the
thermistor remained inserted to the same depth. The 7¢s thermistor was inserted through the
nasal fossae to a depth of 25 % of the participant’s height (Ergonomics, 2004). Skin
temperatures, were measured using stainless steel surface temperature thermistors (Grant
EUS-U, Cambridge, UK) from four sites on the right side of the body (on the chest at a
midpoint between the acromion process and the nipple, the lateral mid-bicep, the anterior
mid-thigh and lateral calf) fixed using surgical tape and recorded using a portable data logger
(Grant SQ2020, Cambridge, UK). Mean Ty was calculated (Chapters 4, 5, 6 and 7) using a

four-site weighted equation (Ramanathan, 1964).

3.4.2 Sweating responses

The change in dry nude body mass during experimental trials and intervention days was used
to estimate whole body sweat rate (WBSR; Chapters 4, 5, 6 and 7). Local forearm sweating
rate was measured by dew point hygrometry during experimental trials (Chapters 4, 5, 6 and
7). To measure local sweating rate anhydrous compressed nitrogen was passed through a 5
cm’ capsule placed on the lower arm ventral surface (halfway between the antecubital fossa
and carpus) and connected to a hygrometry system (DS2000; Alpha Moisture Systems, UK).
Local sweating rate was calculated using the difference in water content between efflu