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Abstract

ABSTRACT

The use of training in the heat to enhance performance has become a ‘hot topic’
in the world of elite sport given that a number of high profile events are held in hot
environments, and emerging evidence suggests that training in the heat has the potential
to be ergogenic. Short-term heat acclimation (HA) is a commonly used strategy to
prepare athletes for competition in hot environments, but may also improve endurance
performance in temperate conditions, enhance muscle strength and hypertrophy, and has
been shown to increase sprint and power performance acutely. The majority of research
used to establish our understanding of the acute physiological effects of heat and HA to
date has been completed in untrained or moderately-trained individuals, with little work
completed in well-trained or elite athletes. Thus, investigation into practical integration
of HA or heat training into an elite athlete’s already busy training schedule, without
interfering with key training sessions and competitions, is needed. Finally, most studies
to date have tended to focus on performance measures relevant to long-duration,
endurance exercise, and a greater understanding of how HA or heat training affects
sprint performance is needed. Therefore, the primary aim of this thesis was to examine
how the application of heat, through HA or heat training, might enhance physical
performance. A secondary aim was to develop practical strategies that could be easily
incorporated into the training programmes of elite athletes, including those competing
in sprint and short duration power events.

To address these aims, four studies were conducted. Study 1 examined the
retention of HA adaptations and re-acclimation (RA) responses during a periodised

short-term HA protocol in elite sailors preparing for a World Championship competition
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in hot conditions. Study 2 examined the effects of a sprint cycling-specific heat training
camp on sprint performance and physiological responses in elite sprint track cyclists in
temperate conditions. As partial HA adaptations were shown in Study 2, the next study
(Study 3) examined the acute effects of heat, as well as the effects of 5 d of sprint- and
resistance training-based HA on repeated-sprint performance in elite BMX athletes.
Based on the methods used in Studies 2 and 3, Study 4 aimed to determine the effects of
a strength- and power-based resistance training session in the heat on thermal strain,
neuromuscular function and hormonal responses in highly-trained power athletes.
Collectively, the studies contained within this thesis showed that HA and heat
training can be strategically integrated into the complex training schedules of elite
athletes and may effectively enhance physiological adaptations that support improved
performance. The new findings included: 1) RA may ‘top-up’ thermoregulatory
adaptations following initial HA and a 2-week period without heat exposure, 2) sprint
performance is temporarily impaired following short-term heat training, despite partial
HA and improved cardiovascular function, 3) BMX repeated-sprint performance is
enhanced in the heat, notwithstanding increased thermal strain, and further HA
improvements, and 4) power and anabolic hormone responses are elevated following a

strength- and power-based resistance training session in the heat.
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Chapter One

1.1 Background

Several pinnacle sporting events are held in locations where ambient
temperature and/or humidity levels are high. Some of these high profile events include,
most Summer Olympic Games, the Tour de France, the FIFA World Cup, as well as
several annual World Cups and World Championships. Given that physical exertion in
unaccustomed heat-stress can impose considerable physiological and thermal strain,
leading to impaired performance (Racinais et al., 2012; Sunderland & Nevill, 2005;
Tatterson, Hahn, Martini, & Febbraio, 2000), and possibly exertional heat injury (EHI)
(Binkley, Beckett, Casa, Kleiner, & Plummer, 2002), ensuring that athletes are prepared
to perform optimally in hot environments is of high importance. To combat heat strain,
and the consequential heat-induced performance decrements, heat acclimation (HA) is
generally prescribed. Heat acclimation (artificial heat exposure, indoors), or heat
acclimatisation (natural heat exposure, outdoors), involves multiple exercise-training
sessions in hot conditions, that induce physiological adaptations which attenuate heat-
induced performance impairments to protect against heat stress and EHI (Périard,
Racinais, & Sawka, 2015; Taylor, 2014; Tyler, Reeve, Hodges, & Cheung, 2016). In
addition, emerging evidence suggests that training in the heat itself has the potential to
be ergogenic versus equivalent training performed in temperate conditions (Corbett,
Neal, Lunt, & Tipton, 2014). If confirmed, such training could be used as a targeted
strategy to maximise training adaptations and enhance performance throughout a season

(Chalmers, Esterman, Eston, Bowering, & Norton, 2014).

It is well established that competing in hot and humid environments imposes
significant thermal and physiological strain, and that the consequences of hyperthermia
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(core temperature > 38.5°C (Bligh & Johnson, 1973)), will ultimately diminish an
athlete’s performance in the unacclimated state (Armstrong & Dziados, 1986; Sawka,
Young, Cadarette, Levine, & Pandolf, 1985). Heat-induced performance decrements
can range from 6-16% in trained athletes during endurance and team sport events
(Racinais et al., 2012; Sunderland & Nevill, 2005; Tatterson et al., 2000), while ~10%
reductions in sprint performance have been shown in athletes that are hyperthermic
(Drust, Rasmussen, Mohr, Nielsen, & Nybo, 2005; King, Costill, Fink, Hargreaves, &
Fielding, 1985). Heat-induced performance impairments are caused by a number of
physiological and thermoregulatory adjustments, including increases in body
temperature, augmented cardiovascular strain, and a greater rate of fuel utilisation,
which together lead to progressive reductions in work output (Galloway & Maughan,
1997; King et al., 1985; Périard, Cramer, Chapman, Caillaud, & Thompson, 2011). A
full review of the physiological and thermoregulatory responses to heat stress and

subsequent performance decrements is found in Chapter 2 of this thesis.

Heat acclimation can mitigate the abovementioned performance impairments
through physiological and thermoregulatory adaptations that reduce the effects of heat
stress (Castle, Mackenzie, Maxwell, Webborn, & Watt, 2011; Garrett, Creasy, Rehrer,
Patterson, & Cotter, 2011; Lorenzo, Halliwill, Sawka, & Minson, 2010). The classical
heat-acclimated state is characterised by decreased resting and exercise core
temperatures, lowered skin temperature, increased plasma volume and sweat rate and
decreased heart rate for a given workload, all of which combine to attenuate
performance impairments caused by hot conditions in the unacclimated state

(Armstrong & Maresh, 1991). Taken together, the enhanced thermoregulatory function
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improves exercise economy (Armstrong & Maresh, 1991) and improves prolonged
(Tatterson et al., 2000), high-intensity intermittent (Sunderland, Morris, & Nevill, 2008)

and sprint performance (Castle et al., 2011) in the heat.

Recent consensus recommendations offer coaches and sport scientists an
understanding of the key concepts needed to prescribe HA for individual and team sport
athletes (Chalmers et al., 2014; Racinais et al., 2015). Best practice guidelines state that
HA should be comprised of daily ~ 60 min training sessions in hot conditions for a
minimum of 1 week, and ideally performed over 2 weeks to achieve further
thermoregulatory and performance benefits. The HA protocol should mimic the event
demands while inducing high sweat rates and increased body (skin and core)
temperature (Racinais et al., 2015). While such recommendations are based on decades
of evidence, limitations and barriers to adhering to such guidelines arise when
practitioner and coach attempt to integrate these principles within the complex training
schedule and priorities of an elite athlete. As a result, when the literature is scrutinised
amongst the context of the elite athlete, a number of limitations are apparent. First,
much of the research used to establish our understanding of HA to date has been
completed in untrained or moderately-trained individuals, with little work completed in
well trained or elite athletes, whom may already have partial heat-related adaptation due
to their well-trained status (Cheung & McLellan, 1998). Second, as the majority of HA
studies are laboratory based, investigation into how best to practically integrate HA into
an elite athlete’s already busy training schedule, is needed. As a result, more applied
research is required to understand the use of more event or sport-specific HA, the
optimal timing of HA implementations, how it might be periodised throughout a

competitive season, as well as the effects of HA on concurrent training priorities and
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recovery. Last, practical HA solutions are required for highly-trained athletes who do

not always have accessibility to a climate chamber or hot environments.

To date, most literature in the area of HA using trained athletes, has focused on
endurance sports, as training in the heat promotes cardiovascular adaptations,
specifically an enhanced cardiac efficiency through increased plasma and stroke volume
and reductions in heart rate (Nielsen et al., 1993). Little attention, however, has been
given to the effects of heat acclimation on sprint events lasting < 2 min. In lab settings,
sprint performance has been shown to improve in the heat when single and repeated
efforts are performed (Ball, Burrows, & Sargeant, 1999; Girard, Bishop, & Racinais,
2013; Sargeant, 1987). This enhanced performance may be attributed to increases in
muscle temperature that elicit higher peak power outputs and cadence (Sargeant, 1987).
However, with hyperthermia, impairments in single (King et al., 1985) and repeated
sprint performance have been shown, despite an increased muscle temperature (Drust et
al., 2005). As one of the direct effects of HA is the reduction of core temperature
during exercise in the heat (Adams, Fox, Grimby, Kidd, & Wolff, 1960), the use of HA
for sprint athletes could be highly beneficial to performance during competitions where
there are multiple rounds or long durations spent in hot ambient environments.
Furthermore, the use of heat training as a tool to enhance training adaptations and
performance also has potential. As an example, work has shown that long-term
exposure in the heat can increase muscle hypertrophy and maximal strength (Goto et al.,
2011; Goto et al., 2007). Indeed, mechanistic studies have shown that heat stimulates
the Akt/mammalian target of rapamycin (mTOR) signalling pathway, a key regulator of
protein synthesis and hypertrophy (Kakigi et al., 2011; Yoshihara et al., 2013). Thus

heat, applied in various ways, could provide an ergogenic effect when combined with
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resistance training, which is an integral component of any sprint athlete’s training

programme (Haff & Nimphius, 2012).

1.2 Rationale and Thesis Aims

At the time that this thesis was being proposed, High Performance Sport New
Zealand (HPSNZ) had targeted the area of heat and performance as a research focus, in
preparation for the 2016 Summer Olympic Games, in Rio de Janeiro, Brazil. The
conditions in Rio were expected to be hot (~23-35°C, 40-70% relative humidity (RH)),
in comparison with August winter conditions in New Zealand (~13°C, 70% RH)
(Casadio, 2013). It was therefore crucial to develop and optimise HA protocols that
were both effective and practical, so that New Zealand athletes were advantaged
heading into the Games. This HPSNZ initiative, along with the background and
limitations found in literature, formed the objectives of this body of work. Therefore,
the overarching aim of this thesis was to optimise the use of heat, through HA or heat
training, to enhance physical performance through practical strategies that could be
easily incorporated into the training programmes of elite athletes. To achieve this aim,

the thesis was divided into five chapters with the following specific objectives:

i. To examine the retention and re-acclimation responses during a periodised
short-term HA protocol prior to departing for competition in a hot environment.

ii. To investigate the effects of heat training on sprint performance and
thermoregulation, and determine if heat training causes beneficial adaptations in
sprint athletes.
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iii.  To determine, first, the effects of acute heat stress on sprint performance, and
second, the effects of sprint- and resistance training HA on thermoregulation and
sprint performance in the heat in sprint athletes.

iv.  To understand the acute effects of resistance exercise performed in hot versus
temperate conditions on neuromuscular function, hormone responses and
thermal strain in power athletes.

v.  To review alternative methods of HA and heat exposure, explore how HA might
be integrated into an athlete’s existing training program, and highlight specific
athlete considerations for practitioners.

vi.  To consider the effects of HA as an ergogenic tool for individual athletes, rather
than assuming each athlete will follow a given mean response shown in

literature.

1.3  Thesis Organisation

This doctoral thesis was intended to inform how HA and heat training can be used to
enhance performance in elite athletes through practical strategies that could easily be
integrated into an athlete’s training programme. The thesis is presented in six main
sections that have focused on HA and heat training and the effects on thermoregulation
and athletic performance (Figure 1.1). These sections include an introduction, a
literature review, a main body (four studies, one current opinion and one invited
comment), an overall discussion and finishing with a conclusion, references, and finally
an appendix section. Two chapters, included in the main body of this thesis, were

embargoed at the request of Cycling New Zealand. Other specific chapters were written
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for publication in targeted peer-reviewed journals. Therefore, these chapters were
formatted based on publication guidelines and word limits for the respective journals
they have been submitted to. However, for the consistency of referencing, all citations
have been presented in American Psychological Association (APA) format using a

single reference section at end of this thesis.

The literature review of this thesis (Chapter 2) examines the effects of heat and HA
on performance in trained athletes. First, the physiological and thermoregulatory effects
of heat stress are described, followed by the implications on performance in trained
athletes. Second, classical heat acclimation adaptations are outlined, along with their
effects on performance in endurance, sprint and team sport athletes. Last, the potential
for heat to be used as a training tool, to enhance training adaptation and performance is
examined. Based on the current state of literature, the limitations and apparent
questions pertaining to how we might best go about using heat training and HA with

elite athletes have been emphasised.

The thesis body consists of three HA or heat training interventions, one
experimental trial, one current opinion and one invited comment. Three of these
chapters were published (or submitted) prior to the completion of this thesis. These
chapters hold the common theme of using HA or heat training in applied sport settings,
with highly-trained or elite athletes, although, the athlete type or sport does vary

between experimental studies.

The final chapter of the thesis (Chapter 9) consists of an overall discussion, which
highlights the key findings of each chapter, how they interrelate, and addresses the

limitations within these findings. There is also a section which outlines the practical
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applications of this thesis, given the applied intention of the research is focused towards
elite athletes. Finally, future research directions are explored. Overall, this thesis
addressed questions related to how heat training and HA strategies might be used to

maximise physiological adaptations and performance outcomes for elite athletes.

28



Chapter One

Novel Applications of Heat to Enhance Performance in Elite Athletes

Chapter 2: Literature Review
The effects of heat stress and training in the heat on performance in
trained athletes.

Chapter 3: Dual Case Study
Periodising heat acclimation in elite Laser sailors preparing for
a World Championship event in hot conditions

Temperature
Published

Chapter 4: Heat-Training Study
Short-term heat-training improves cardiovascular responses
but impairs sprint performance in elite sprint track cyclists
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Chapter 5: Heat Acclimation Study
Combining sprint and strength training in the heat: effect on
sprint performance in elite BMX cyclists
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Chapter 6: Experimental Study
Acute effects of heated resistance training in highly-trained
female and male power athletes
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In Press

Chapter 7: Current Opinion
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Sports Med
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J Physiol
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Figure 1.1 Overview of the thesis structure.



Chapter One

1.4 Overview of Studies

A summary of each chapter included in the main body of this thesis is provided below:

Chapter 3, Study 1

This dual case study involved two elite Laser sailors who used periodised HA to
prepare for their World Championship regatta in Muscat, Oman (~27-30°C, 40-60%
RH). The aim of this study was to examine the retention of HA adaptations and re-
acclimation responses during a periodised short-term HA protocol prior to the sailor’s

departure to the hot competition venue.

Chapter 4, Study 2

This study changed focus from endurance training-based HA, and shifted
towards examining the use of heat training as a tool to enhance sprint performance. The
specific aims of this study were to determine the effects of a sprint specific short-term
heat training protocol on sprint performance in temperate conditions, as well as assess

cardiovascular responses in elite sprint track cyclists.

Chapter 5, Study 3

Having used sprint- and resistance-based heat training in Study 2, | then wanted
to examine whether this form of training would induce HA adaptations in BMX
athletes, who were complaining of heat stress when competing at hot venues. The aims
of this study were to examine the effects of acute heat stress on BMX sprint

performance, and determine the effects of sprint- and strength-based HA, on
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thermoregulatory factors and repeated sprint performance in the heat in elite BMX

athletes.

Chapter 6, Study 4

Following studies 2 and 3, which used heated-resistance training, | wanted to
gain a better understanding of the acute effects of a strength- and power-based
resistance exercise session in the heat compared with normal temperate conditions. The
aim of this study was to examine the acute effects of resistance exercise performed in
hot versus temperate conditions on neuromuscular function, hormone responses and

thermal strain in elite female and male power athletes.

Chapter 7, Current Opinion

Through my work designing HA protocols for elite athletes preparing for
competitions in hot conditions, | found that best practice HA guidelines were not often
attainable within the confines of highly demanding physical preparation and travel
requirements of an elite athlete. The aims of the current opinion piece were to review
alternative methods of HA and heat exposure, explore the gaps in literature for
understanding how HA might be integrated into an athlete’s existing training program,

and highlight specific athlete considerations for practitioners.

Chapter 8, Invited Comment

Through my work in studies 1-4, varying responses to heat and HA were evident
in both thermoregulatory and performance measures, highlighting that individual

characteristics and sensitivities must be examined and understood. In this invited Cross
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Talk Debate comment, published in the Journal of Physiology, | argue that the mean
group responses to HA often shown in research, should not necessarily draw inference

that such responses will occur in all individual athletes.

1.5 Significance of Thesis

The results of this thesis holds significance for athletes preparing to compete at
pinnacle events held in hot locations. At the onset of this thesis, New Zealand
National Sports Organisations, with support from HPSNZ, had their eyes set on the
2016 Rio Summer Olympic Games, where the average weather conditions in August
are much hotter compared with New Zealand’s winter months. Through addressing
questions related to how heat training and HA could be used to enhance performance
in elite athletes, practical applied strategies were developed to be used by various
sports within their respective campaigns, preparing for the Games. Given that many
pinnacle events are held in the Northern Hemisphere, during the warmest summer
months, athletes living and training in the Southern Hemisphere will always have the
added challenge of travelling from winter months; thus, heat training and HA may be
even more important for such athletes. Lastly, the use of heat training to enhance
training adaptation and performance has the potential to positively impact a number of

sports.
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Chapter Two

2.1 Introduction

The aim of this section is to provide background literature on heat stress and
heat acclimation (HA) and their effects on performance in trained athletes. First, the
physiological and thermoregulatory adjustments caused from training and competing in
the heat will be reviewed here, along with the resulting impact on performance.
Secon