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Foreword

I was lucky enough to be exposed to practical and academic experiences of the 
effects of heat stress on performance early on in my career and almost at the same 
time. The practical experience came in 2008 when I qualified for the Beijing 
Olympics as an outsider. Heat was rightly identified as a major factor for the race in 
Beijing, so I spent the few months before trying out various strategies and preparing 
for it. This mostly involved training in hot places, but we were also experimenting 
with sodium loading, pre-cooling and strategies to keep cool in the race, as well as 
tracking core temperature with an ingestible pill. At university in Leeds, I chose an 
environmental physiology module which taught me the basics of how the body 
responds to exercise in the heat and the adaptations that occur when training in hot 
environments. It was a subject that fascinated me, not only for its relevance but 
because I felt understanding it required a really good grasp of general physiology.

A few years on, at a race in London, I had my first run-in with heat stress. The 
race had gone well. With 400 m to go, I was running in second place on the shoulder 
of big rival, Javier Gomez. That’s about the last thing I remember until I woke up on 
an emergency medical bed, covered in ice with wires and drip lines coming out of 
me. I was discharged relatively quickly and didn’t feel right for months afterwards, 
especially in hot conditions. Later on that year, I travelled to Prof. Mike Tipton’s lab 
for some testing to learn more about this mysterious illness and learnt that the recov-
ery process is a long one.

Armed with the knowledge of how to acclimatise, prepare, get the nutrition right 
and moderate my effort, I haven’t had another episode. I’ve definitely been close. 
My next experience of this dangerous condition came after a race in Australia. I was 
having a bad day and Jonny was racing for the win. With less than a kilometre to 
run, I saw him start to wobble. By the time I got to the finish (5 min later), Jonny 
was semi-unconscious on a stretcher in the sun. This was very concerning and I 
urged the medical staff to act quickly, aware of the dangers. The medical provision 
was poor, no ice, no drips and no cool area, and we had to supply shop-bought ice 
to cool him down. This concerned us both, and we appealed to the International 
Federation afterwards to implement minimum standards for medical provision.

Later the same year, after the Olympics in Rio, the now infamous event in Mexico 
happened. I was unlucky enough to see it play out in front of my eyes. Running 
along in ridiculously hot conditions (28 °C wet-bulb globe temperature), Jonny sped 
up to win the race. That spike in intensity was enough to push him over the edge, 
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and a few kilometres later, I saw him stumbling around with the tell-tale signs of 
heat illness. Thankfully this time, the medical provision he received was exemplary. 
The effects of that day, probably compounded with the episode earlier in the year, 
took Jonny at least a year to get over.

After our personal experiences, Jonny and I consider heat illness to be a very 
dangerous condition and one that doesn’t get the attention it deserves. Any further 
study and attention it garners is welcomed enthusiastically by both of us, and so it 
is a great honour to write the foreword for this book. Whether you are a researcher, 
student, coach or interested athlete, I hope you find it a valuable and enjoyable read.

Bramhope, UK Alistair Brownlee
2× Olympic Gold Medallist (2012, 2016)

2× ITU Triathlon World Champion (2009, 2011)
3× European Champion (2010, 2011, 2014)

Commonwealth Games Champion (2014)

Foreword
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 1Human Thermoregulation  

Andreas D. Flouris

1.1  Introduction

Thermoregulation has always been an integral component of exercise physiology 
and it is becoming increasingly pertinent to sport performance due to the occur-
ring climate change [1, 2]. This is because heat and temperature are two of the 
most fundamental properties of biological organisms, with a vast area of research 
and topics exploring fascinating connections with, and consequences to cells, tis-
sues, and systems [3]. This all-encompassing nature of thermoregulation repre-
sents a major challenge. Most areas of physiology, as wide-ranging as they may 
be, have an inherently limited scope. But what does not fall under the influence of 
thermoregulation? What cell, tissue, system, or process can be understood or stud-
ied as devoid of it or unaffected by its change? As a result, body temperature is 
monitored in all hospitalized individuals because a deviation from its typical 
range (36.5–37.5 °C) is a clear indication of a pathological condition, while the 
clinical thermometer is one of the most essential instruments for the practice of 
medicine [4].

Those who wish to understand human thermoregulation and its impact on sport 
and exercise must acquire knowledge of nearly all bodily systems. This is exempli-
fied by the topics covered in the first two sections of the present book, which range 
from systems theory and biophysics to neural, cardiovascular, behavioural, and 
pathophysiological mechanisms, as well as cellular fluid regulation and physiologi-
cal adaptation to extreme environments. Not to mention, of course, the applied 
knowledge provided in the third section covering how heat exposure impacts perfor-
mance in various sports and environments, the technical and biophysical counter-
measures that can be used to mitigate its effects, as well as the relevant implications 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-93515-7_1&domain=pdf
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for health policy. So, a book about heat stress in sports and exercise is about as 
fundamental, and hence as important, as it gets in human physiology.

In order to allow readers without a solid background in human thermoregulation 
to appreciate some of the finer points of the book provided in the following chap-
ters, the present chapter includes an overview of the general principles of human 
thermoregulation at the systems level (i.e. the level of architecture and organization) 
as well as the relevant afferent and efferent thermoeffector pathways in the central 
and peripheral nervous systems. The focus will be primarily on systems and path-
ways related to warm/hot stimuli, as they are more pertinent to sports and exercise 
under heat stress.

1.2  Autonomic and Behavioural Thermoregulation

Like all endothermic organisms (those that regulate their body temperature through 
controlled responses in heat production and heat loss), humans achieve thermoregu-
lation via autonomic (i.e. involuntary) and behavioural (i.e. voluntary) means. These 
are two entirely different branches of the thermoregulatory system, sharing the 
same sensors for detecting changes in thermal homeostasis but having discrete path-
ways for afferent and efferent information relay, as well as for central (i.e. brain) 
information processing (Fig. 1.1).

1.2.1  Autonomic Thermoregulation

Autonomic thermoregulation is based on sensing changes in temperature by ther-
mosensors which are spread throughout the body and transmit afferent information 
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regulation together with warm- and cold-specific thermoeffector responses. The asterisks denote 
that the provided responses are some examples of the multitude of behavioural response options
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to the central nervous system. These thermal signals are integrated and, subse-
quently, transmitted downstream via the autonomic nervous system to the thermoef-
fectors (e.g. cutaneous vasculature, sweat glands, skeletal muscle, white or brown 
adipose tissue) to initiate heat dissipating or heat conserving/generating responses 
[5]. Specifically, increases in peripheral and/or core temperature, which are typi-
cally due to exposure to a warmer environment and/or exercise/work- induced 
increased metabolic heat production, stimulate heat dissipation mechanisms; that is, 
eccrine sweating, skin vasodilation, and tachypnea [6–8]. On the other hand, reduc-
tions in peripheral and/or core temperature, which are typically due to exposure to 
a colder environment and/or removal of clothing insulation, stimulate heat conser-
vation and generation mechanisms [5]. Heat conservation is achieved via periph-
eral/skin vasoconstriction, while heat generation occurs through shivering (which 
takes place in the muscle) [6–8] and non-shivering (which takes place in the muscle 
and the brown adipose tissue) [9–11] thermogenesis.

The thermoregulatory mechanisms which are most pertinent for sports and exer-
cise under heat stress include eccrine sweat secretion and skin vasodilation. Eccrine 
sweat glands are cholinergically innervated tubular glands with a twisted coil and an 
undulating or coiled duct which leads to a sweat pore at the skin surface [12, 13]. 
There are 1.6–4 million glands in adults and are located in the dermis or hypodermis 
across almost the entire body [14, 15] (100–250 glands/cm2 assuming equal distri-
bution across the body). Variability in sweat gland distribution across body seg-
ments, secretion rates, thermal sensitivity, and sweating onset lead to regional 
differences in sweat output during both rest and exercise [16–20]. Typically, a 
greater number of eccrine sweat glands are found at the forehead, hand, foot, thigh, 
and leg [19]. Yet, sweat output varies highly even within regions—as has been pre-
viously demonstrated at the foot [21], head [22], and torso [22, 23]—with increas-
ing variation appearing at higher levels of hyperthermia [22]. In total, the liquid 
secreted by eccrine glands can reach 4 L h−1 or 14 L day−1 (15 g min−1 m−2) [24] and 
it is made of 99% water [25]. The evaporation of high energy water molecules in 
sweat from the skin surface leads to energy release from the body to the surrounding 
environment. This attenuates the rise in skin temperature and, subsequently, blood 
redistribution to cutaneous vessels, resulting in a cooling effect of 2426 J/g of sweat 
[26]. As such, evaporation of eccrine sweat is the most effective autonomic thermo-
regulatory mechanism during sports and exercise under heat stress.

Changes in cutaneous circulation can significantly augment heat loss—or mini-
mize dry heat gain—during sports and exercise in hot environments. While resting 
in a thermoneutral environment, about 0.5  L  min−1 of blood (5–10% of cardiac 
output) is supplying the cutaneous circulation, but during heat stress the cutaneous 
circulation receives up to 8 L min−1 (50–70% of cardiac output) [27] through an 
increase in and redistribution of cardiac output (e.g. a significant reduction in the 
splanchnic and renal blood flow during heat stress) [28]. To achieve such drastic 
changes in perfusion, the cutaneous vasculature is under dual autonomic nervous 
control [29, 30] containing both vasoconstrictor and vasodilator nerves [31, 32]. 
The afferent and efferent pathways involved in this process are described in detail in 
a subsequent section.

1 Human Thermoregulation
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1.2.2  Behavioural Thermoregulation

Regulation of thermal homeostasis via behavioural means comprises of conscious 
decisions—controlled by the nervous system—aiming to defend or restore heat bal-
ance. In humans, these conscious decisions can involve a wide array of complex 
somatomotor activities [e.g. changing environment, posture, or microclimate (cloth-
ing), altering physical activity and/or food consumption] and, importantly, volun-
tary adaptation of work rate [33–35]. Behavioural thermoregulation reduces the 
requirement for autonomic thermoregulation, and it has been proposed as the first 
line of defence of heat balance [36]. This is based on the notion that autonomic 
thermoregulatory mechanisms are characterized by an inherent finite capacity for 
heat conservation/loss/production. In contrast, behavioural thermoregulation mech-
anisms have a near-infinite capacity to defend/restore heat balance.

Behavioural thermoregulation is a major element of exercise performance in the 
heat. This is because probably the most notable thermoregulatory response observed 
during exercise in a hot environment is a voluntary reduction in exercise work rate 
[33–35]. This has been confirmed in both laboratory [37–40] and real-life competi-
tion [41–45] studies where participants were in control of their exercise work rate 
[46–56] even at minimal levels of hyperthermia [48, 51–56]. The main aim of these 
voluntary reductions in work rate during exercise or work in the heat is to attenuate 
the rate of metabolic heat production [57, 53] and, thus, mitigate hyperthermia [35]. 
In a recent conceptual model (Fig. 1.2; [35]), we proposed that the behavioural drive 
to reduce exercise work rate in hot environments is driven primarily by increases in 
skin temperature which, in turn, generate: (1) changes in thermal perception [34], 
and (2) reductions in peak oxygen uptake due to increased cardiovascular strain [50, 
58–61]. With regard to the first point, increased skin temperature is known to impact 
thermal perception (i.e. generates the feeling of being hot) via stimulation of periph-
eral thermosensors [35]. In turn, changes in thermal perception may in some cases 
lead to increased perceived exertion (i.e. the subjective feeling of fatigue) [62], lead-
ing to a voluntary reduction in exercise work rate [55, 63] by attenuating motivation 
to continue exercising in a hot environment [64]. Regarding the second point, 
increased skin temperature leads to an autonomic redistribution of blood towards 
the cutaneous vasculature (analysed in the previous section). This leads to reduced 
peak cardiac output and blood flow to the working muscles due to an inability to 
maintain blood pressure [65, 66]. In turn, peak oxygen uptake is attenuated [67–69] 
and the requirements of the exercise elicit a greater relative work intensity (i.e. per-
centage of peak oxygen uptake) and increased perceived exertion [50, 70, 71].

It is important to note that not all studies support the notion that increases in skin 
temperature generate changes in thermal perception (first point above) [72, 73]. 
Thus, it is likely that the relative contribution of thermal perception and cardiovas-
cular strain in eliciting behavioural thermoregulatory responses in work output dur-
ing exercise in the heat is dependent on the level of hyperthermia [35]. According to 
this notion, increased thermal discomfort and sensations of warmth generate reduc-
tions in self-selected exercise work rate during the early stages of self-paced exer-
cise in the heat. As exercise progresses, leading to significant blood redistribution 

A. D. Flouris
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towards the cutaneous vasculature, it is likely that cardiovascular strain (i.e. attenu-
ated peak oxygen uptake) is the major determinant of reductions in self-selected 
exercise work rate in the heat. In both scenarios, the elicited behavioural thermo-
regulatory responses lead to a voluntary reduction in exercise output to restore heat 
balance (Fig. 1.2).

1.3  Afferent and Efferent Pathways of Thermoregulation

1.3.1  A Common Afferent Pathway

Autonomic and behavioural thermoregulation share the same sensors for detecting 
changes in thermal homeostasis, but have discrete pathways for afferent and efferent 
information relay as well as for central (i.e. brain) information processing. 
Temperature changes are sensed via a group of transient receptor potential (TRP) 
ion channels, which are thermosensitive proteins that are expressed in a large subset 
of small-diameter peripheral sensory nerves of the somatosensory system innervat-
ing every tissue of the body [74, 75]. The TRP channels were discovered for the first 
time in 1997 [76] and, since then, our knowledge on their properties and function is 
continuously increasing. To date, a total of 28 TRP channels have been described 
and they have been categorized into seven sub-families: TRPA (ankyrin), TRPC 
(canonical), TRPML (mucolipin), TRPM (melastatin), TRPN (NOMPC), TRPP 
(polycystin), and TRPV (vanilloid) [77]. Several of these 28 types of nerves are 
activated by temperature, with each of these types responding to a specific tempera-
ture range generating the sensation of cold, cool, warm, and hot [77, 78]. Moreover, 
they are activated by certain plant extracts such as menthol, eucalyptol, and capsa-
icin generating temperature sensations [10, 11, 79]. While all ion channels are sen-
sitive to temperature, the TRP channels are 25 times more thermosensitive, a 
characteristic that enables them to discriminate small temperature changes within 
the range of 0–60 °C [80–82]. Nevertheless, it is important to note that responses to 
noxious cold and heat remain partially active even when cold- and heat-sensitive 
TRP channels are completely abolished [83, 84]. This comes in contrast to the once- 
hoped universal role of thermosensitive TRP channels in the somatosensory system 
to perceive and distinguish temperatures, suggesting the existence of other molecu-
lar mechanisms of thermosensation that remain elusive to date. To this end, recent 
studies have identified several new groups of ion channels—including the mechano- 
sensitive PIEZOs [85], the store-operated ORAI channels [86, 87], and the channels 
related to the ANO1 channel that is expressed in smooth muscle and epithelial cells 
[88–90]—which, in addition to other novel classes of ion channels that will be iden-
tified in the future, may fill the missing links in thermosensation.

The TRP nerves send signals to the lamina I (i.e. the superficial dorsal horn of 
the spinal cord) [91, 92] either through slow-conducting unmyelinated C fibres of 
small diameter (in warm-sensitive TRPs) or via larger, fast-conducting, thinly 
myelinated Aδ fibres (in cold-sensitive TRPs) [76, 77]. In turn, the output neurons 
of the lamina I relay their thermoafferent signals to the brainstem [91, 93]. Once 

A. D. Flouris
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the temperature-specific signals reach the brainstem, the information is diffused to 
a widely distributed network of brain loci that probably participate to the multifac-
eted processes (i.e. autonomic and behavioural) related to thermoregulation. 
Differences in methodology and outcomes across human studies conducted to date 
do not allow for conclusive statements regarding a putative thermoregulatory net-
work in the brain. Despite the existing challenges, it is important to note that the 
functional processes of most brain regions proposed to date as part of the brain 
thermoregulatory network correlate with the properties and roles ascribed to them 
within thermoregulation: (1) the somatosensory, insular, and cingulate cortices for 
the integration of thermoafferent signals; (2) the insular and cingulate cortices for 
the autonomic thermoregulatory control; (3) the premotor and prefrontal cortices 
for the behavioural thermoregulatory control [94]. Importantly, neuroimaging 
studies suggest that these brain regions share functional connections when it comes 
to the coding of temperature-specific signals. The following sections describe in 
detail the thermoefferent pathways of autonomic and behavioural thermoregula-
tion related to warm/hot stimuli, as they are more pertinent to sports and exercise 
under heat stress.

1.3.2  Efferent Pathways for Autonomic Thermoregulation 
to Warm Stimuli

1.3.2.1  Eccrine Sweating
The hypothesis that the preoptic hypothalamic area plays a central role in thermo-
regulation has received wide support for the past 50 years [36, 95, 96]. Yet, it is 
important to note that the majority of studies demonstrating the involvement of this 
region in thermoregulatory control have been conducted in animals [97]. The first 
neuroimaging study to implicate the human preoptic anterior area in thermoregula-
tion was published in 2014 and provided concrete data that this region is a likely 
source of the thermal drive to sweat [97]. This finding was confirmed in a subse-
quent study published during 2015 [98]. Interestingly, activation of the preoptic 
hypothalamic area during thermal sweating is associated with a number of brain 
regions, suggesting functional connectivity with these areas when the body is heated 
[97]. These findings suggest that the preoptic anterior hypothalamic area is a central 
piece in a network of cortical loci that appear to contribute to thermoregulation. Due 
to the technical challenges involved in distinguishing neural tracks in the human 
brain, the precise neural pathways remain partly understood. Thus, our knowl-
edge  to date is based primarily on animal studies, the majority of which point 
towards the following paradigm: efferent information from the preoptic anterior 
area pass through the pontine tegmentum and the medullary raphe regions, they 
proceed to the ventral horn of the spinal cord, and then reach the sweat glands 
through sympathetic nonmyelinated C fibres [13, 99, 100]. A few of the sympathetic 
nerve terminals extend to the sweat duct, while the majority cluster around the 
sweat gland secretory coil [101]. They secrete acetylcholine which connects to mus-
carinic receptors on the sweat gland to induce sweating [102].

1 Human Thermoregulation
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The requirement for increased sweat output is met by augmenting the population 
of activated sweat glands (near maximal recruitment can be achieved within 8 min 
[103]) and, if further increase is needed, the sweat output per gland [103]. The latter 
is modulated by the amount of acetylcholine released by the sympathetic nerve 
terminals as well as its breakdown rate by the enzyme acetylcholinesterase [104]. 
Under profuse sweating, the capacity of acetylcholinesterase to hydrolyze acetyl-
choline is attenuated due to its increased concentration in the synaptic cleft [104]. 
Finally, it is important to note that another factor affecting sweat rate is nitric oxide 
concentration, whereby increased nitric oxide release augments sweat gland output 
by influencing acetylcholine release from sympathetic sudomotor nerves [105].

1.3.2.2  Skin Vasodilation
Although the study of human efferent pathways to the skin vasculature has been 
increasing, they have not been completely characterized to date. This is in contrast 
to our knowledge about these pathways in the rat, where the majority of efferent 
pathways have been mapped, showing that the cutaneous vasculature is controlled 
by sympathetic neurons which receive input from the intermediolateral spinal col-
umn that, in turn, is mainly connected to the medullary raphe/peripyramidal region 
[106, 107]. In turn, these medullary sympathetic ganglia are controlled by pontine 
(i.e. locus coeruleus), midbrain (i.e. retrorubral field, ventral tegmental area, and 
periaqueductal gray matter), and hypothalamic (i.e. dorsomedial and paraventricu-
lar nuclei) neurons which are functionally connected to warm-sensitive neurons in 
the preoptic hypothalamic area [107–110].

As indicated above, the human cutaneous vasculature can rapidly achieve vast 
increases in blood flow as large as 16-fold between thermoneutral and hyperthermic 
conditions [27, 28]. To achieve such drastic changes in perfusion, the cutaneous 
vasculature is under dual autonomic nervous control [29, 30] containing both vaso-
constrictor and vasodilator nerves [31, 32]. The initial increase in cutaneous blood 
flow during heat stress is achieved via sympathetic vasoconstrictor tone withdrawal, 
while further increase in skin perfusion is achieved by active cutaneous vasodilation 
[111]. The cutaneous vasoconstrictor system acts via the binding of norepinephrine 
to α1- and α2-adrenergic receptors in response to cold and for the brief attenuation 
in cutaneous blood flow observed at the start of intense exercise [112, 113]. On the 
other hand, active vasodilation depends on functional cholinergic fibres and requires 
a co-transmission of nitric oxide for maximum activation (i.e. 30–45% of maximum 
cutaneous active vasodilation is depended on nitric oxide) [29, 114–118]. Moreover, 
factors including prostaglandins [119], vasoactive intestinal peptide [120], sub-
stance P/NK-1 receptors [121], and H1 histamine receptor activation [122] are con-
sidered to play a role in this process. At this point, it is important to note that 
heat-induced cutaneous vasodilation through the sympathetic nervous system pre-
vails over the need to supply blood to the working muscles. Therefore, the heat- 
induced peripheral vasodilation during exercise contributes to reduce peak cardiac 
output [66] and, as a consequence, blood flow to the working muscles [65]. As a 
consequence, peak oxygen uptake is attenuated during exercise in the heat 
[67–69].

A. D. Flouris
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1.3.3  Efferent Pathways for Behavioural Thermoregulation 
to Warm Stimuli

As indicated above, thermoafferent signals generated at the TRP ion channels 
are diffused to a number of brain regions that show functional interconnectivity/
co- processing [94]. While the available data has yet to show a clear pattern of 
response [94], the brain regions that have been implicated to date in the regional 
brain responses generating behavioural adaptations to temperature changes are as 
follows:

• Brainstem: behavioural thermoregulation and other whole-body homeostatic 
behaviours are controlled by the mammalian brainstem [91, 123]. Thermoafferent 
signals reach the brainstem through output neurons of the lamina I [91, 93]. A 
functional human study showed that skin warming is linked with increased activ-
ity in the ventral midbrain, particularly in the ventral tegmental area [124] which, 
in animal studies, has been associated with hypothermic responses [125–127]. 
Another functional human study demonstrated increased activity throughout the 
rostral and caudal medulla during both warming and cooling [128]. These regions 
have also been associated with cold-induced vasoconstriction [129] in animals as 
well as thermal sweating in humans [130] and animals [131–133].

• Primary and secondary somatosensory cortices: thermal sensations and feelings 
are associated with activity in these cortical areas [134].

• Anterior region of the mid cingulate cortex: activity in this region has been impli-
cated in coding the pleasantness or unpleasantness of thermal stimuli [128] as 
well as in thermal comfort/discomfort [135–137].

• Orbitofrontal cortex: increased activity in this region has been associated with 
sensations of pleasantness in response to warm stimuli applied to the hand [136].

• Insula: While this region is primarily linked with the processing of thermoaffer-
ent inputs and autonomic responses, it has also been implicated in monitoring 
interoceptive signals [94].

Given that some form of skeletal muscle activation plays a central role in the vast 
majority of behavioural thermoregulatory responses, it is logical to postulate that, 
once the above-mentioned extensive hemispheric activations occur leading to 
appropriate decision-making, behavioural responses materialize in the motor, pre-
motor, and prefrontal cortices. This notion is supported by reports from functional 
human brain studies [138–141] demonstrating that whole body warming and cool-
ing is associated with increased activity in the premotor and prefrontal cortices. 
Such responses have been interpreted as attempts to initiate movement in response 
to thermal sensations triggering actions to restore heat balance [94]. The descending 
axon potentials from the motor and premotor cortices reach the spinal cord either 
directly or indirectly through axons projecting to the brainstem which, then, con-
veys the information to the spinal cord [142]. Within the spinal cord, signals travel 
in the lateral column with axons projecting throughout to innervate proximal and 
distal muscles across the body [143, 142]. Once the axon potentials reach the 
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skeletal muscle fibres—the effector organ of behavioural thermoregulation—ace-
tylcholine is released to induce muscle fibre contractions which are the final step in 
the thermoefferent process of behavioural thermoregulation. The resulting locomo-
tion materializes the conscious decision(s) aiming to defend/restore heat balance.

1.4  Onset, Sensitivity, and Maximum of Thermoeffector 
Responses

Autonomic [13, 144–149] and behavioural [34–36, 150–152] responses are known 
to be affected by both skin and core temperatures (though with potentially different 
weighing for each response). Thus, effector responses are often represented as a 
function of the change in mean body temperature—calculated by appropriately 
weighing skin and core temperatures [5]. In this light, each response is activated at 
an onset threshold of mean body temperature and increases proportionally thereaf-
ter until reaching a maximum [153, 154]. This is illustrated in Fig. 1.3, where mean 
body temperature increases (e.g. during exercise in the heat) and, at a given onset 
threshold, the heat loss response is activated (Fig. 1.3: point 1) Once activated, the 
intensity of the heat loss response increases linearly with the increase in mean body 
temperature, indicating the sensitivity of the response (i.e. the degree of change in 
the thermoeffector response for every unit of increase in mean body temperature; 
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Fig. 1.3 A conceptual model of the relationship between thermoeffector responses and mean 
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Fig.  1.3: point  2) If mean body temperature continues to increase, the heat loss 
response reaches a maximum whereby no further amplification occurs despite fur-
ther increases in mean body temperature (Fig. 1.3: point 3) Previous research sug-
gested that the range of temperature change from the onset of thermoeffector 
response to reaching a maximum is approximately 2–4 °C [155, 156]. Regarding 
sensitivity, a linear relationship between temperature change and effector response 
is typically reported [155, 156], with animal studies showing sensitivity coefficients 
of −4 to −6 W kg−1 °C−1 of metabolic heat generation in response to cooling, as well 
as evaporative heat loss coefficients in the order of +1 to +3 W kg−1 °C−1 in response 
to heating [155]. It has been suggested that the sensitivity values in humans are 
within the same ranges [156].

During exercise in the heat, heat loss effector responses adapt to changes in heat 
production, albeit with a brief delay [157]. This is illustrated in Fig. 1.4, showing 
data for heat production and loss from eight healthy male adults who spent 3 h in a 
hot (35 °C) dry (30% relative humidity) environment while wearing cotton shorts 
and t-shirt (Flouris, unpublished data). During the 1st hour, participants rested in a 
seated position, while during the 2nd and 3rd hour they were requested to perform 
cycling exercise at fixed rates of metabolic heat production equal to 300 W and 
450 W, respectively. Exercise is a wonderful stimulus to study such changes in heat 
production and loss because it provides a large change, abrupt enough to be consid-
ered a ‘step change’. When an individual begins to walk, run, or cycle, the increased 
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Fig. 1.4 Partitional calorimetry data (mean ± SD) for the rate of net heat production (metabolic 
heat production minus work; M-W) and loss from eight healthy male adults who spent 3 h in a hot 
(35 °C) dry (30% relative humidity) environment while wearing cotton shorts and t-shirt (Flouris, 
unpublished data). During the 1st hour, participants rested in a seated position, while during the 
2nd and 3rd hour they were requested to perform cycling exercise at fixed rates of metabolic heat 
production equal to 300 W and 450 W, respectively. The shaded area represents the rate of residual 
body heat storage, while vertical dotted lines identify changes in work rate reflecting the protocol 
timeline
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activity of muscle requires more oxidation of fuel and more removal of heat and 
waste. Within seconds, heart rate and oxygen uptake start to increase, and within 
2–3 min new steady states are achieved [158]. As illustrated in Fig. 1.4, following 
the onset of exercise, heat loss is much slower to increase. This delay, sometimes 
called inertia [159] or temporal dissociation [158], is followed by a gradual increase 
in heat loss via eccrine sweating and vasodilation mechanisms until a new plateau 
is finally reached in 45–60 min. The greater the magnitude and duration of the mis-
match between the rate of heat production and the rate of heat loss, the greater the 
change in body heat content and, thus, the increase in core temperature. As described 
in the previous paragraph, the duration of the mismatch is influenced by the onset, 
the sensitivity, and the maximum of the individual’s heat loss effector responses. If 
the conditions are compensable (e.g. heat loss not restricted due to protective gar-
ments and/or high humidity), heat balance will be achieved and rate of heat storage 
will return to zero. Heat balance is not achieved in the example provided in Fig. 1.4, 
yet heat loss has almost matched heat production towards the end of each 1-h stage. 
Had the stages been longer (e.g. 2 h), heat balance may had been reached. In that 
case, core temperature would be maintained at an elevated albeit steady-state value 
so long as sweat production would not be compromised due to dehydration [5]. 
However, if heat dissipation from the body is restricted (e.g. high humidity condi-
tions, insulative effect of clothing), this will lead to uncompensable heat stress and 
a more pronounced increase in body heat storage despite maximum activation of 
heat loss responses. It is also important to note that factors such as age and/or dis-
ease (both acute and chronic) which have been shown to cause impairments in ther-
moeffector activity can compromise the body’s ability to dissipate heat thereby 
resulting a prolonged thermal imbalance and progressive increase in mean body 
temperature [160–164].

1.5  Concepts of Thermoregulation

The genesis of intensive experimentation and theory regarding the functional archi-
tecture of the human thermoregulatory system is marked [165] by the influential 
experiments of Barbour [166], who showed that cooling a rabbit brainstem region 
near to what is termed today the preoptic anterior hypothalamus had profound 
effects on rectal temperature and that the animal demonstrated analogous behav-
ioural responses. This discovery fitted exquisitely within the theory of ‘brain cen-
tres’—that is, specific areas in the brain eliciting topical control of somatosensory 
perception and somatomotor activity—which prevailed during the beginning of the 
twentieth century and determined the direction of mainstream research on thermo-
regulation for the next 50 years. Since the 1960s, there have been four major con-
cepts of human thermoregulation and they will be presented in detail in the following 
pages. To date, none of these models have been unanimously accepted [167]. Each 
one has inherent advantages and limitations in their attempts to explain the various 
phenomena of human nature and, after several decades of continuous research, the 
precise mechanisms of human thermoregulation remain elusive [167].
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1.5.1  Hypothalamic Proportional Control Around an Adjustable 
Set Point

In 1960, Hammel and colleagues conducted hypothalamic cooling and heating in 
conscious dogs and found significant effects on core temperature, vasoconstriction, 
shivering, and panting [95]. Interestingly, although alternating or sustained hypo-
thalamic heating and cooling demonstrated qualitative consistency, it revealed 
quantitative variation with the induced thermoeffector response resulting in changes 
in core temperature opposite to that of hypothalamic temperature [95]. Based on 
these and other findings [96, 168, 169], Hammel’s group proposed the concept of 
hypothalamic proportional control of body temperature around an adjustable set 
point. The set point, in this case, is viewed as a complex variable reflecting the activ-
ity of hypothalamic neurons as a function of temperature at specific body regions 
(or the entire body) [169]. In this light, thermosensors convert temperatures of the 
different regions of the body into impulses in the form of a neural code, conveying 
the information of objects to the brain where these impulses are integrated by a 
separate network to form a mean temperature. Thereafter, this integrating network 
compares the mean temperature with a reference signal—that is, a set point—and 
through various processes (which have yet to be elucidated) orders are sent to ther-
moeffectors to evoke appropriate thermoregulatory responses. Hammel’s paper 
evaluated precisely the skin cold and warm sensors as thermal inputs influencing the 
temperature set point and showed, for the first time, that it was possible to quantify 
their systematic input through mean skin temperature [96] and, therefore, present 
the temperature set point as a function (amongst other variables) of mean skin tem-
perature [170].

The eloquent model of proportional hypothalamic control around an adjustable 
set point quickly received support, but also some criticism, particularly on mean 
skin temperature and hypothalamic temperature being the only pertinent regions 
generating thermal inputs. In the years to follow, Hammel’s group studied the 
parameters thought to affect the set point, namely ambient and core temperatures 
[171], sleep-wakefulness cycle [96], hibernation [172, 173], exercise [174, 175], 
and fever [175] were evaluated as modulators of the set point with respect to ther-
moeffector mechanisms.

The idea of a common set point in endothermic temperature regulation has been 
challenged by experiments on extrahypothalamic thermoregulatory functions, and 
particularly that of the spinal cord. Several studies examined different deep-body 
compartments in order to detect extra-cerebral deep-body thermosensitivity based 
on the initial observation by Simon and colleagues of shivering in response to cool-
ing of the peridural space of the vertebral canal and of the spinal cord [176]. This 
notion was in contrast to the popular view which favoured the straightforward and, 
hence, convenient idea of only one region of deep-body thermosensitivity. Further 
criticism for the proportional hypothalamic control theory came from more recent 
experiments demonstrating that the preoptic anterior hypothalamus signals for 
vasomotion, shivering, and salivation can be dissimilar and functionally indepen-
dent [177–180]. Arguments against the adjustable set point theory stemmed also 
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from research demonstrating the markedly disparate inter-threshold zones between 
heat and cold defence activation found in circumstances of thermoregulatory abnor-
malities [181].

1.5.2  The Comparator Model

Kobayashi argues that, for warm- and cold-sensitive neurons to be sensors, their 
firing rate (i.e. impulses·sec−1) must be a code by which these neurons convey local 
temperature information [182] to the central nervous system. For this assumption to 
be correct the neural code of firing rate must be directly related to temperature and 
the receivers of these impulses must possess the ability to decipher the code of firing 
rate and detect the local temperature information. Yet, as demonstrated by Kobayashi 
[182, 183], no convincing evidence has been presented hitherto confirming either of 
these assumptions.

Based on the comparator model, heat- and cold-sensitive neurons are compara-
tors of temperature eliciting impulses independently when local temperature sur-
passes a sensor activation threshold. In turn, these impulses are not a form of neural 
code (as assumed by the set point model) but only signals to activate thermoeffec-
tors [182–185]. In other words, thermosensory information is relayed to the brain 
not for integration, computation, or ‘decision-making’ but solely for sending appro-
priate orders to the effector organs (since each comparator cannot directly commu-
nicate with the relevant thermoeffector).

Regarding the contribution of core and shell temperatures to thermoregulation, 
the comparator model holds that core temperature is a very stable regulated variable 
serving as feedback signal, while shell temperatures are highly variable, unregu-
lated parameters serving as feed-forward signals that allow the body to respond to a 
thermal load in advance to avoid changes in core temperature [186]. Both core and 
shell temperatures trigger thermoeffector responses in a similar fashion. The com-
bination of core and shell temperature activating a specific thermoeffector depends 
on the central and peripheral sensory neurons wired to it.

1.5.3  Core Temperature Defence at a Null Zone

Based on the null zone model [153], there must be some degree of variation even in 
the most simplistic regulatory processes. Inevitably, this will have consequences on 
the neuronal communication between sensor-to-effector pathways [153]. The basic 
assumption of null zone model is that the cold- and warm-sensitive neuron inputs 
are each separately used to produce two thresholds: one for heat production effec-
tors and the other for heat loss effectors [153]. Within the central nervous system 
these two sensor-to-effector channels are reciprocally crossed with other excitatory 
and inhibitory inputs from nonthermal channels. As a result, a range of thermoneu-
tral zone is defined—which differs depending on the organism as a consequence of 
the effect of nonthermal factors on the vasomotor response [186]—where there is no 
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need for any thermoregulatory response to occur. When the capacity of the vasomo-
tor response to maintain a constant core temperature is exceeded, autonomic sweat-
ing or shivering is activated. The core temperature at which these effectors are 
activated is classified as the thermoeffector threshold core temperature [187].

The concept of core temperature defence at a null zone does not support the 
probability of body temperature regulation at a precise level, that is, a set point. In 
contrast, it postulates that body temperature regulation is coarse, permitting core 
temperature under normal physiological conditions to vary within the null zone. 
Additionally, proponents of this theory believe that “…clear and unequivocal neuro-
nal evidence supportive of the reference signal hypothesis has remained elusive, yet 
the notion of a stable reference signal with which the variable is being constantly 
compared remains a popular way of considering the physiology of homeothermy” 
[153]. Yet, this remains to be confirmed as the null zone model is still more theoreti-
cal than proven.

1.5.4  Heat Regulation

The model of heat regulation holds that the human body maintains a heat content 
equilibrium over a wide range of heat loads by sensing heat flow to/from the body 
and subsequently defending the body heat content through thermoeffector responses 
[158, 188]. Therefore, the main difference between the model of heat regulation and 
the model of temperature set point pertains to the regulated variable based on which 
thermoeffector responses are triggered. Helped by the easiness to obtain them, tem-
perature data—and the hypothalamic proportional control model—have dominated 
thermal physiology since the first studies on the topic. As calorimetric techniques 
are improving, the concept of heat regulation is receiving more attention [189]. 
However, it is important to note that the heat regulation model is an attempt to 
explain human (endothermic) thermoregulation employing only physiological can-
ons and thermodynamic principles, and particularly those governing the heat bal-
ance equation. Little, or nothing, is mentioned regarding the efferent neural control 
of thermoeffectors, thus one is left to assume that the hypothalamic proportional 
control and the heat regulation models share views regarding the efferent pathways 
to thermoeffectors.

The main driving force behind the heat regulation model has been Paul Webb 
who wrote several articles in favour of this hypothesis, the most prominent of which 
was his 1995 review paper [158]. Nevertheless, the concept of heat regulation was 
proposed several times by others, including Snellen—“…the regulating mechanism 
operates as if there is heat regulation instead of temperature regulation” [190]—and 
Adolph—“…in heat regulation, the most general links are between (a) heat content 
of the body and parts (or net temperature), (b) heat additions, and (c) heat dissipa-
tions” [191], as well as others who dealt directly with the concept of heat regulation 
[159, 192].

The central premise of heat regulation is that the body constantly generates heat 
and has a characteristic range of temperature. Heat generation varies constantly 
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according to the requirements of daily living, yet a relatively constant temperature 
implies that heat loss is adjusted to match heat production. Thus, proponents of heat 
regulation argue that it is more likely that the ‘controller’ regulates a matching of 
outflow to inflow of heat than a mean body temperature or some combination of 
body temperatures [158]. The heat regulation model is exceptionally successful in 
explaining/predicting thermal responses to some phenomena that are difficult to 
explain by the hypothalamic proportional control model including thermoeffector 
responses during: (1) the circadian temperature rhythm [158, 193–198], (2) steady- 
state exercise [158], (3) incremental exercise [157], (4) cold water immersion [199], 
(5) heat exposure following precooling [158, 200, 201], (6) hot water immersion 
following cold water immersion [202–205], (7) core cooling at fixed skin tempera-
ture [158], and (8) negative work [158].

Notwithstanding the problems in the hypothalamic proportional control model 
evaded by the heat regulation model, it is necessary to observe that proponents of 
the latter are faced with an even more difficult problem, that is, how body heat con-
tent as an extensive property might be measured. Based on the model of heat regula-
tion, heat flow in the body is sensed by monitoring transcutaneous thermal gradient 
via temperature-sensitive neurons located on the skin surface and in different sub-
cutaneous tissue layers [158]. Such an arrangement has been, indeed, detected [188, 
200, 206, 207] and changes in the transcutaneous thermal gradient have been related 
to regulatory processes [207–210], yet it has not been confirmed that they allow the 
monitoring of heat flow. However, even if one accepts that possibility, the fact that 
these neurons are not distributed uniformly around the body [211] prohibits a pre-
cise assessment of body heat content.

1.6  Conclusion

As shown in this chapter, remarkable progress has been made during the last 
100 years regarding the principles of human thermoregulation as well as the rele-
vant afferent and efferent thermoeffector pathways in the central and peripheral 
nervous systems. Some important concepts do remain elusive, yet it is hoped that 
the enormous efforts continuously being made by scientists interested in the field of 
thermoregulation will eventually address the missing knowledge gaps.
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2The Biophysics of Human Heat Exchange

Nicholas Ravanelli, Coen C. W. G. Bongers, and Ollie Jay

2.1  Introduction

The ability to maintain body temperature within a narrow range during acute or 
chronic exposure to environmental extremes is paramount for optimal human per-
formance, and ultimately, survival. Muscle contractions during different sporting 
activities can result in a greatly elevated internal heat production. The subsequent 
changes in body temperature are managed to an extent by physiologically modulat-
ing heat exchange between the skin surface and the surrounding environment via 
sensible (convection (C), radiation (R) and conduction (K)) and insensible (evapo-
ration (E)) heat transfer. However, the net heat dissipation via these heat transfer 
avenues is also strongly determined by the physical characteristics of the thermal 
environment that the sport is performed in. To optimally assess the risk of thermal 
stress for an athlete performing a given sport in a particular environment, the bio-
physical processes that govern the dynamic balance between internal heat produc-
tion and skin surface heat dissipation must therefore be fully considered.
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2.2  Human Heat Balance

The fundamental law of human heat balance illustrates that internal metabolic heat 
production (M–W) must be balanced by an equal rate of net heat dissipation, i.e. 
combined sensible and insensible heat losses from the skin (sk) and respiratory tract 
(res) to the surrounding environment to ensure a rate of body storage (S) of zero (i.e. 
heat balance):

 
M W K C R C E E S-( ) = ± ± ±( ) + +( ) + ± éë ùû

-
sk sk sk res res sk inWm 2

 (2.1)

2.2.1  Metabolic Heat Production (M–W)

Metabolic heat production (M–W) is the difference between metabolic rate (M) and 
the external work performed (W). In its most basic form, M is the amount of energy 
released by hydrolysing adenosine triphosphate (ATP) into adenosine diphosphate 
(ADP) and an inorganic phosphate molecule. It follows that a proportion of the 
energy released from this process is then utilised to create W; however, the human 
body is quite inefficient and about 75–95% of M does not ultimately contribute to W 
but instead is liberated internally as heat [1–3]. Road cycling is one of the most 
efficient sporting activities (~30% of M is used for W [4]), so at an external work 
load of 240 W a metabolic rate of ~840 W is required, with ~600 W of this energy 
released as heat (Fig. 2.1). Running and walking are among the least efficient activi-
ties, especially on a flat surface, where effectively no external work is performed 
and all metabolic energy is converted to heat [5, 6].
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Carbohydrates and lipids are the two main substrates utilised by the body to 
produce ATP, and although ATP can be produced both aerobically and anaerobically 
within a cell, oxygen consumption is required to restore ATP pools. Thus, M can be 
estimated [7] by measuring the rate of oxygen consumption and carbon dioxide 
production using:
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where VO2 is the rate of oxygen consumption in L min−1, RER is the ratio of carbon 
dioxide production to oxygen consumption, ec is the caloric equivalent per litre of 
oxygen for the oxidation of carbohydrates (21.13 kJ) and ef is the caloric equivalent 
per litre of oxygen for the oxidation of lipids (19.62  kJ). To normalise M–W in 
W m−2, it must be divided by the body surface area (BSA) of the individual using 
the Dubois and Dubois equation [8]:

 
BSA mass height inm= ´ ´ éë ùû0 202 0 425 0 725 2. . .

 (2.3)

where mass of the person is in kg and the height of the person is in m.

2.2.2  Sensible Heat Transfer from the Skin (± Ksk ± Csk ± Rsk)

Sensible Heat Transfer from the Skin (± Ksk ± Csk ± Rsk) is the sum of conduction 
(Ksk), convection (Csk) and radiation (Rsk). These three avenues of heat transfer abide 
by the second law of thermodynamics, whereby heat energy moves from an area of 
high concentration to low concentration (e.g. from high to low temperature). During 
active or passive heat stress, the prevailing temperature gradients for sensible heat 
transfer may be minimal or even negative, which leads to sensible heat gain through 
one or more avenue at ambient temperatures above skin temperature (i.e. 35–36 °C) 
(Fig. 2.1).

2.2.2.1  Conduction (Ksk)
Conduction (Ksk) is the transfer of heat energy through direct contact between the 
skin and a solid object. From a whole-body heat balance perspective, particularly 
human heat stress conditions, K is generally assumed to be negligible, with the pri-
mary means for sensible heat transfer via convection and radiation. However, when 
a solid object is in direct contact with the skin (e.g. a cold metallic wall), conductive 
heat transfer can be calculated as:

 
K kA T T L= -( ) éë ùû

-
2 1

2/ inWm  (2.4)

where k is the estimated thermal conductivity of the object in contact with the skin, 
A is the total surface area of contact between the skin and solid (in m2), (T2 − T1) is 
the absolute temperature difference between the skin and the solid’s external surface 
and L is the thickness of the solid object in contact with the skin surface.
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2.2.2.2  Radiation (Rsk)
Heat exchange by radiation is the electromagnetic energy transfer between a rela-
tively cool and warm body. Radiative heat loss from the skin for a nude person can 
be derived using:

 
R h T Tr rsk sk inWm= -( ) éë ùû

-2
 (2.5)

where Tsk is mean skin temperature (in °C), Tr is mean radiant temperature (in °C) 
and hr is the radiative heat transfer coefficient (in W m−2 K−1), which is estimated 
using:
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where ɛ is the emissivity of the body surface (usually assumed to be 0.95), σ is 
the Stefan–Boltzmann constant (5.67 × 10−8 W m−2 K−4), Ar/AD is the effective 
radiative area of the body (m2) which can be estimated as 0.70 or 0.73 for a 
seated or standing person [9], respectively, and Tsk + Tr is the sum of mean skin 
temperature and mean radiant temperature. Mean radiant temperature is assumed 
to be equal to ambient air temperature when indoors without any substantial 
sources of radiation. However, in other environments, e.g. outdoor sun exposure, 
mean radiant temperature of the environment must be estimated using black 
globe temperature (Tg) measured with a standard 150-mm diameter black globe 
thermometer placed in a similar location as the exposed individual (e.g. in direct 
sunlight). Tg will vary depending on the time of day and year due to differences 
in the angle between the sun and the horizon. However, when interested in calcu-
lating radiative heat transfer for an individual wearing clothing, a black globe 
thermometer may overestimate the effect of a radiative source (particularly the 
sun) and should therefore be similar in colour to the clothing worn by the indi-
vidual. Lastly, air velocity (v) in m/s near the black globe thermometer must be 
measured as greater air flow will alter Tg for a given amount of radiant heat 
energy. According to ISO 7726:1998 [10], mean radiant temperature (Tr) can be 
derived as follows:

If v < 0.15 m/s:
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where d is black globe diameter (in cm).
If v ≥ 0.15 m/s:
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2.2.2.3  Convection (Csk)
Convection (Csk) is the transfer of heat to a moving gas (air) or liquid (water), which 
is increased by the movement of the body in air or water or movement of air or water 
across the skin. It is directly proportional to the temperature difference between the 
skin surface and the ambient environment, and air velocity passing across the skin. 
A warm surface such as the skin can also produce natural convection when a person 
is still, where the boundary layer movement is a result of differing air densities aris-
ing from a temperature gradient (e.g. warm air rises). Alternatively, and more com-
monly, forced convection pushes air across the skin surface (e.g. a fan) or convection 
is self-generated as a person moves through an air mass. Convective heat transfer for 
a nude person can be estimated using [11]:

 
C h T Tc ask sk inWm= -( ) éë ùû

-2
 (2.9)

where Tsk is mean skin temperature (°C), Ta is ambient air temperature (°C) and hc 
is the convective heat transfer coefficient (in W m−2 K−1). For natural convection in 
still conditions, this value can be assumed to be 3.1 W m−2 K−1 [12]. If air velocity 
is >0.2 m/s, but <4.0 m/s, the convective heat transfer coefficient can be estimated 
using:

 
h vc = éë ùû

- -8 3 0 6 2 1. . inWm K  (2.10)

where v is the mean air velocity around the body in m/s. During physical activity, it 
may be more practical to consider the mean net air flow across the body surface 
rather than just the mean ambient air velocity as this accounts for the path of move-
ment relative to wind direction. Indeed, it is evident that the magnitude of self- 
generated air flow can influence the convective heat transfer coefficient. For 
example, independent of clothing and equipment, the higher heat strain for American 
football lineman compared to non-lineman has been attributed to the more static 
nature of their position-specific activities (e.g. blocking vs. running routes) [13, 14]. 
Alternatively, self-generated convection during outdoor cycling (>20 km/h) will in 
most cases be far greater than in laboratory settings [15]. As such, specific equations 
have been derived for estimating the convective heat transfer coefficient during dif-
ferent modalities of human movement (Table 2.1).

Table 2.1 Estimations of the convective heat transfer coefficient (hc) for common modalities of 
exercise

Exercise modality
Equation/constant hc 
(W m−2 K−1) Comments

Stationary cycle ergometer 
(50 RPM)

5.4 Ambient air flow <0.2 m/s [16]

Stationary cycle ergometer 
(60 RPM)

6.0 Ambient air flow <0.2 m/s [16]

Outdoor cycling hc = 8.4vspeed
0.84 vspeed: cycling velocity (m/s) [15]

Walking/Running hc = 8.3vloc
0.531 vloc: speed of locomotion (m/s) [16]

Treadmill exercise hc = 8.3vloc
0.391 vloc: speed of locomotion (m/s) [16]

2 The Biophysics of Human Heat Exchange
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All convective heat transfer coefficients presented have been developed for 
 thermal stress at approximately sea level. The relationship between barometric 
pressure (Pb) and convective heat transfer can be integrated into Eq. (2.9) as 
 follows [17]:

 
C h T T Pc a bsk sk inWm= -( )( ) éë ùû

-/ .760 0 55 2
 (2.11)

If clothing is worn, combined sensible heat transfer via convection and radiation 
(Csk + Rsk) can be estimated using:
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where To is operative temperature (in °C):
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and h is the combined heat transfer coefficient (in W m−2 K−1), i.e. hc + hr; and fcl is 
the clothing area factor defined as the surface area of the clothed body divided by 
the surface area of the nude body and estimated using [18]:
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where Rcl is the dry heat transfer resistance of clothing (in m2 °C−1 W−1), which can 
be obtained from normative tables [18, 19] such as the International Standardisation 
Organisation (ISO) 9920 standard.

Additionally, convective heat loss by water movement is important for exam-
ple in swimmers. The convective heat loss is, in contradiction to convective heat 
loss by air movement, not a function of the water velocity [20]. Due to water 
turbulence created during swimming in a swimming pool, the effective water 
velocity around a swimmer does not differ irrespective of swimming speed. As 
a result, convective heat exchange for swimmers is predominantly determined 
by water temperature, whereby heat is lost if water temperature is lower than 
skin temperature, and vice versa. Due to a higher density, specific heat capacity 
and thermal conductivity [21], convective heat loss is much greater in water 
than in air [20]. Given exercise is typically performed on land, and detailed 
equations for convective heat exchange in water are beyond the scope of this 
chapter. However, for a detailed description we refer readers to the article of 
Brandt and Pichowsky [22].
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2.2.3  Respiratory Heat Exchange (Cres + Eres)

Respiratory heat exchange occurs through the convective heat transfer (Cres) between 
inhaled air and the lungs, and evaporative heat loss from the respiratory tract (Eres) 
due to the saturation of air with water vapour when entering the lungs. Net respira-
tory heat exchange can be estimated using (2.2):

C E M T M Pa ares res inWm+ = × -( )éë ùû + × -( )éë ùû é -0 0014 34 0 0173 5 87 2. . . ëë ùû  (2.15)

where M is metabolic rate in W m−2, Ta is air temperature in °C and Pa is the ambient 
water vapour pressure in kPa.

The rate of respiratory heat loss is dependent on the temperature and humidity of 
inspired air [23, 24] and minute ventilation [25, 26]. As such, the amount of convec-
tive heat transfer through respiration during exercise in the heat compared to the 
cold is minimal due to the small temperature gradient between ambient and core 
temperature. Additionally, the amount of evaporative heat loss via respiration is 
dependent on the humidity gradient between the lungs and the air, and the rate of 
ventilation which is assumed to have a linear relationship with the rate of metabolic 
rate (up to 80% of maximum oxygen consumption [26]).

2.2.4  Evaporation from Skin Surface (Esk)

The evaporation of sweat (or water) from the skin surface is the largest modifiable 
avenue of heat loss from the body. During heat stress, sweat evaporation becomes 
the predominant factor for determining whether heat balance is achieved, and when 
air temperature equals skin temperature and dry heat loss is eliminated, evaporation 
becomes the only avenue for dissipating metabolic heat at the skin surface [27]. The 
latent heat lost for every gram of sweat that completely evaporates from the skin is 
2.426 kJ [28]. As such, evaporative heat loss can be estimated using body mass 
changes corrected for metabolic and respiratory mass losses, as well as any ingested 
fluids, but only under conditions that permit complete evaporation [29]. Arguably, 
the most accurate method for estimating evaporative heat loss is direct calorimetry, 
which measures the difference in absolute water vapour pressure between influent 
and effluent of an enclosed air space [30]. However, once again the complete evapo-
ration of all sweat from the skin is a necessity and is typically achieved in a calorim-
eter by ensuring a high and turbulent air mass flow [31].

Under combinations of climate and activity that yield incomplete sweat evapora-
tion from the skin surface, evaporative efficiency (i.e. the proportion of secreted 
sweat that actually evaporates [32]) can be roughly estimated. It is known that as the 
sweat saturation level of the skin reaches a maximum, evaporative efficiency rapidly 
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declines [32–34]. First described by Gagge [35], sweat saturation levels can be 
expressed as a “skin wettedness” value (ω), which is physiologically defined as the 
fraction of the skin surface that is covered in sweat. It follows that reductions in 
evaporative efficiency have been reported when ω > 0.50 during passive heat stress 
[36], and when ω > 0.30 during upright cycling [32]; meaning that while greater 
levels of skin wettedness permit greater rates of evaporation, this comes at the 
expense of a disproportionately greater rate of sweating. Mathematically, the ω 
value required (for heat balance; ωreq) is defined as the ratio of the evaporative 
requirement to maintain heat balance (Ereq) relative to the maximum evaporative 
capacity in the ambient environment (Emax):

 
wreq

req ND= [ ]E
Emax  (2.16)

By rearranging the conceptual heat balance equation (Eq. (2.1)), and assuming a 
rate of body heat storage (S) of zero, Ereq can be estimated as follows:

 
E M W K C R C Ereq sk sk sk res res inWm= -( ) - ± ± ±( ) - +( ) éë ùû

-2
 (2.17)

Emax is determined by the water vapour pressure gradient between the skin and the 
air, as well as air speed, clothing properties and the maximum proportion of the skin 
that can be physiologically saturated with sweat (ωmax):
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where ωmax is maximum skin wettedness, which can reach 1.00 for a fully heat accli-
mated person but only 0.72 in an untrained, non-heat acclimated individual [37]; 
Psk,sat is the saturated water vapour pressure at skin temperature (in kPa); Pa is the 
water vapour pressure measured in ambient air (in kPa); Re,cl is the evaporative heat 
transfer resistance of clothing (in m2 kPa W−1); fcl is the clothing area factor (Eq. 
(2.14)) and he is the evaporative heat transfer coefficient (in W m−2 kPa−1).

Values for Psk,sat can be derived using Antoine’s equation [38] as follows:
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(2.19)

Values for the he can be estimated using hc (from Eq. (2.10)/Table 2.1) as 
follows:

 
h he c= ×éë ùû

- -16 5 2 1. inW m kPa  (2.20)

Values for evaporative efficiency (Eeff) (i.e. as a fraction of secreted sweat that 
evaporates from the skin) can be subsequently estimated for a given level of ωreq 
using [39]:

 
Eeff

req ND= - [ ]1
2

2w
 (2.21)
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Evaporative efficiency can also be estimated by directly measuring the mass of 
dripped sweat trapped in an oil pan placed on scale directly underneath the partici-
pant. However, this technique had been primarily reported during passive heating 
[36] and is difficult to implement during exercise.

Evaporative heat loss from the skin surface (Esk) can then be estimated using:

 
E Esk effWBSL in kJ= ´( )´ [ ]2 426.  (2.22)

where WBSL is whole-body sweat loss over a fixed exercise time (in g).
It is important to acknowledge that the approach described above is especially 

limited for individuals wearing layered clothing outfits. While trapped sweat can 
indeed still evaporate, the effective latent heat of vaporisation of this sweat (which 
is usually assumed to be 2.426 kJ g−1) has been shown to decline dramatically (by 
up to ~80%) depending on the material properties and most importantly the num-
ber of clothing layers [40]. As such, Esk from measured sweat losses, even if sweat 
trapped in clothing is accounted for, could be overestimated by more than 
fourfold.

2.2.5  Heat Storage (S)

Heat Storage (S) occurs when an imbalance arises between metabolic heat produc-
tion and the parallel rate of net heat dissipation via sensible and evaporative heat 
transfer. Typically, at rest in a temperate environment, humans are in heat balance 
(i.e. S = 0) as heat loss from sensible heat exchange via convection and radiation 
matches resting metabolic rate without any requirement for evaporation other than 
passively through respiration. However, elevated rates of heat production following 
the onset of exercise under nearly all environmental conditions lead to a positive 
rate of heat storage. On the other hand, cold exposure without sufficient clothing 
insulation can cause high rates of convective and radiative heat loss that exceed 
metabolic heat production leading to a heat imbalance and thus a negative rate of 
heat storage. Cumulatively over time, sustained rates of positive or negative heat 
storage result in changes in internal (i.e. core) body temperature, which if left 
unchecked can become detrimental to human performance and ultimately health.

The change in heat storage required to alter core temperature is dependent on 
biophysical factors. Firstly, the body mass of an individual represents their heat 
sink, meaning that changes in core temperature for an absolute amount of heat 
stored in the body are negatively correlated, i.e. a smaller rise in core temperature is 
observed with a larger body mass for a fixed heat storage [41, 42]. Secondly, large 
differences in the specific heat of the tissues of the body (Cp) caused by marked dif-
ferences in body composition can also alter core temperature despite a similar heat 
storage. A Cp of 3.47 kJ kg−1 °C−1 is assumed for the average person [43]. However, 
owing to the different Cp of fat tissue (2.97  kJ  kg−1  °C−1) and lean mass 
(3.64 kJ kg−1 °C−1) overall Cp can vary depending on adiposity. While small differ-
ences in Cp do not seem to meaningfully influence core temperature, it has been 
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recently demonstrated that a ~20% difference in body fat percentage is sufficient to 
independently yield ~0.2 to 0.3 °C greater rises in core temperature during moder-
ate exercise at a fixed metabolic heat production of 6 W/kg of total body mass in 
healthy males (mean body fat % of 10.8 versus 32.0%) in a 28 °C environment [44].

2.2.6  Temporal Changes in Human Heat Balance

Reflex physiological mechanisms as described in Chap. 1 aid the maintenance of 
body temperature within the prescribed limits for human health by modifying heat 
balance. Autonomic increases in vascular conductance of the skin mediated by a 
cutaneous vasodilatation, and eccrine sweating, are observed in proportion to eleva-
tions in skin and/or core temperature during exercise and/or with heat exposure. 
Similarly, in the cold, a vasoconstriction response and shivering thermogenesis 
occur in proportion to reductions in skin and/or core temperature [45–47].

While at rest, mean Tsk in a temperate and thermally comfortable environment is 
typically 33–34 °C [11, 48]. During heat stress, an initial vasodilatation causes an 
increase in Tsk, which alters the temperature difference between the skin surface and 
the ambient environment and thus increases sensible heat loss (or decreases sensible 
heat gain if Ta > Tsk) via convection (Eq. (2.9)) and radiation (Eq. (2.5)) [27]. If net 
heat loss via convection and radiation (and the small heat losses via respiration) are 
not sufficient to balance the rate of internal heat production via metabolism (Eq. 
(2.2)), eccrine sweating must be initiated to enhance evaporative heat loss from the 
skin. Once sweat is secreted from eccrine sweat glands and reaches the skin surface, 
the area of skin directly under the sweat is considered to be 100% saturated with 
water vapour [49]. As such, the gradient between the partial pressure of water 
vapour at the skin surface (Psk) and in ambient air (Pa), and therefore the rate of 
evaporative heat loss, is increased by sweating. As sweat gland output increases, 
skin wettedness (ω) increases until reaching a maximum theoretical value of 1.00 
when the entire surface area of the body that is available for evaporation (typically 
equal to total body surface area in healthy humans) is completely covered in sweat. 
This level of ω is only possible in fully heat acclimated individuals [39] and has 
been recently shown to be as low as 0.72 in an untrained, non-heat acclimated indi-
vidual, and 0.84 in trained but non-heat acclimated people [37]. The ability to satu-
rate ~15 to 25% more of the skin surface following heat acclimation permits an 
extension of the range of compensable conditions for a given ambient temperature 
and humidity (Fig. 2.2). Whole-body sweat rate is regulated to ensure that, and if 
possible, a steady-state core temperature is attained [50]. It follows that for thermal 
equilibrium to be possible a rate of heat storage of zero must be achieved. As such, 
whole-body sweat rate is effectively controlled to ensure heat balance, or more spe-
cifically the evaporative heat requirement for heat balance (Ereq) (Eq. (2.17)) [49]. 
The relationship between whole-body sweat rate and Ereq becomes non-linear how-
ever, once decrements in evaporative efficiency (Eq. (2.21)) are observed; that is, 
when Ereq is approximately greater than 50% of Emax (Eq. (2.18)).
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As skin surface sweating is autonomically controlled via a feedback loop using 
afferent signals from thermoreceptors throughout the body [51], sweating cannot 
commence without a “load error”, i.e. a rise in internal temperature [45, 52], which 
in almost all circumstances requires heat storage. As a result, the time course of the 
activation of physiologically mediated changes in skin surface heat dissipation is 
longer relative to the almost immediate increase in heat production following the 
onset of exercise leading to a transient heat imbalance. The duration of this imbal-
ance is determined by: (1) the rate at which sweating and skin blood flow increase 
relative to the rise in core and skin temperature and (2) the maximum physiological 
capacity to increase sweat production and skin blood flow. The longer this imbal-
ance between heat production and net heat dissipation lasts, the greater S will be for 
a particular individual, and the greater the rise in internal tissue temperatures.

2.2.7  Compensable and Uncompensable Heat Stress

The risk associated with heat stress or hyperthermia, in terms of the magnitude of 
rise in core temperature, is greatly dependent on the physiological compensability 
of the individual in a given environment. While body temperature will eventually 
plateau if heat balance is attainable (compensable), it will continue to rise without a 
plateau occurring if heat balance is not possible (uncompensable). Uncompensable 
heat stress can occur because: (1) metabolic heat production is too high, and/or (2) 
the physiological capacity to sweat has been reached, and/or (3) the environment/
clothing prevents a sufficiently high rate of heat dissipation from the skin. In the 
context of the previously described heat balance components, whether a given heat 

100

80

60

40

20

R
el

at
iv

e 
H

u
m

id
it

y 
(%

)

0

unacclimated

acclimated

Uncompensable

Compensable

Ambient Temperature (°C)

30 34 38 42 46

Fig. 2.2 The upper limits 
of compensability for an 
exercising individual at 
600 W of heat production 
who is unacclimated (white 
area) or fully heat 
acclimated (light grey 
area). As depicted, the 
ability to attain a greater 
maximum skin wettedness 
following complete heat 
acclimation permits the 
maintenance of heat 
balance in more humid 
environments (for a given 
ambient temperature) in 
comparison to 
unacclimated

2 The Biophysics of Human Heat Exchange



40

exposure is compensable or not is determined by: (a) the amount of evaporation 
required for heat balance (Ereq) and (b) the maximal evaporative capacity of environ-
ment (Emax): that is, if Ereq ≤ Emax = Compensable and if Ereq > Emax = Uncompensable.

The Ereq and Emax for a given exposure are determined by both environmental 
conditions and physiological characteristics. A lower Ereq is observed as: (1) Ta and 
Tr become lower, (2) v becomes greater apart from when Ta > Tsk, (3) M–W is lower 
and (4) Tsk is higher. On the other hand, a higher Emax is observed as: (1) Pa becomes 
lower and thus drier, (2) v becomes greater, (3) body surface area of the person is 
greater and (4) Re,cl of clothing worn is lower. Therefore, the cooler, windier and 
drier an environment is, the more likely it will lead to compensable heat stress, 
especially if levels of physical activity are low and/or clothing with a low evapora-
tive resistance is worn. Nevertheless, numerous combinations of activities and cli-
mates can yield uncompensable heat stress. Even activities with a low metabolic 
heat production can result in uncompensable heat stress if the climate is sufficiently 
hot, humid and still. Similarly, activities with high rates of metabolic heat produc-
tion can result in uncompensable heat stress even in relatively temperate climates. 
In sum, for a fixed set of environmental characteristics, the more skin temperature 
can be increased through elevations in skin blood flow, and the greater the skin wet-
tedness that can be achieved, the more likely an individual will (a) avoid uncompen-
sable heat stress and a continued increase in core temperature and (b) limit the 
magnitude of heat storage and therefore the increase in core temperature during a 
compensable heat stress exposure.

2.2.8  Cold Stress

Although the current chapter focuses primarily on heat stress, it will conclude 
with a brief comment on the biophysical processes associated with cold stress as 
they follow identical principles. In the cold, large temperature gradients between 
the cold ambient air and the warmer skin cause extensive sensible heat loss, 
primarily via convection and radiation. A reduction in skin blood flow via sym-
pathetic vasoconstriction causes a concomitant decrease in Tsk [53], and subse-
quently reduces the temperature gradient between the skin surface and the 
ambient environment and therefore blunts sensible heat loss for a given air tem-
perature and air velocity. Restricting blood flow to the skin and maintaining 
blood flow to the body core ensures that the heat produced via metabolism 
remains close to the deep visceral organs and the brain. As a result, a substantial 
temperature gradient develops between the body core and peripheral tissues. If 
skin blood flow does not sufficiently limit dry heat loss and a negative rate of 
body heat storage persists, shivering thermogenesis will be instigated to increase 
the rate of metabolic heat production via the asynchronous firing of muscle 
fibres to produce heat without external work. Heat production during maximal 
shivering can reach up to 5–6 times resting metabolic rate [54]. Primary input 
for the magnitude of shivering thermogenesis appears to come from deep body 
thermoreceptors (i.e. spinal cord, intestines and brain), whereas the onset 
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threshold for shivering is modified by skin temperature [55, 56]. While shiver-
ing thermogenesis is an effective means of compensating for a negative rate of 
body heat storage, shivering has been shown to interfere with the performance 
of fine motor tasks [57, 58].

2.2.9  Summary

This chapter describes the fundamental factors that influence heat exchange between 
the human body and its surrounding environment. The bulk of heat exchange takes 
place at the skin surface via sensible heat transfer (i.e. convection and radiation) and 
evaporation. With increasing ambient temperature, the gradient for sensible heat 
transfer declines, meaning that the human body becomes increasingly dependent on 
the evaporation of sweat for heat dissipation. If the combination of climate (air tem-
perature, radiant temperature, humidity and air velocity) and clothing permit a suf-
ficient level of heat dissipation to counterbalance the rate of internal heat production, 
elevations in core temperature are moderated (i.e. compensable heat stress). 
However, if heat production exceeds the upper capacity to lose heat from the skin 
surface due to high ambient temperatures, humidity, low wind speeds or high evapo-
rative resistance of clothing, a continuous increase in core temperature occurs (i.e. 
uncompensable heat stress).
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3Integrative Human Cardiovascular 
Responses to Hyperthermia
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and José González-Alonso

3.1  Introduction

When ambient temperature exceeds that of the skin, heat is transferred from the sur-
rounding environment to the cooler body tissues, and internal body temperature 
begins to rise. With an increase in core temperature of as little as 3–4 °C potentially 
proving fatal [1], the presence of raised tissue temperatures results in profound 
changes in vascular tone and cardiac output, alongside a redistribution of blood flow 
from core to peripheral sites in order to promote heat loss to the environment [2]. 
Even at rest, the magnitude of increase in cardiac output is striking, with elevations 
of 5–8 l/min reported during prolonged severe passive heating, an increase second 
only to that witnessed during aerobic exercise [3, 4]. This increase in blood flow is 
directed predominantly to the cutaneous (skin) circulation, aided by hyperthermia-
induced vasoconstriction in splanchnic, renal, and cerebral vascular beds. Recent 
evidence suggests that skeletal muscle, fat, and bone blood flow may also contribute 
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to the observed hyperemic response, although the magnitude of this effect appears 
relatively modest.

The superimposition of exercise onto a hyperthermic individual results in one 
of the greatest challenges faced by the human cardiovascular system. Even when 
normothermic, the profound ability of skeletal muscle to vasodilate during intense 
whole-body exercise [5] exceeds the capacity of the heart to maintain the level of 
blood flow required for metabolic demand [6, 7]. When exercise is performed in a 
hyperthermic state, the combined demand of both skeletal muscle and skin vascu-
lar beds for O2 delivery and heat dissipation—alongside a host of other vascular, 
hormonal, and neural alterations—can rapidly push the cardiovascular system to 
its limits [8, 9]. Despite this, however, mean arterial pressure is only slightly 
reduced, and cardiac output and active skeletal muscle blood flow are maintained 
or may even be increased at all but the very highest intensities of whole-body 
exercise. This chapter aims to document the integrative cardiovascular response to 
heat stress, firstly during progressive increases in body temperature at rest (i.e. 
passive heat stress, induced through thermal interventions such as wearing a suit 
that circulates hot water, exposure to sauna, or hot water baths), followed by car-
diovascular adjustments across a spectrum of exercise intensities (i.e. exercise 
heat stress, primarily via the use of water-perfused suit while cycling or exposure 
to very hot environmental temperatures). As the majority of human research stud-
ies in this field have been carried out in young healthy adults, it is important to 
note that the absolute cardiovascular responses described in this chapter likely 
apply to this population alone, and should not be considered representative of 
other groups such as clinical patients or the elderly. Likewise, conditions such as 
orthostatic stress, dehydration, or haemorrhage—which may act to further com-
promise cardiovascular function in the heat—are outside the scope of this chapter, 
and so will not be addressed.

3.2  Respiratory and Cardiovascular Responses to Passive 
Heat Stress

The overall respiratory and cardiovascular adjustments observed during passive 
heat stress are at first glance similar to that observed during exercise, comprising 
an increase in respiratory rate, an increase in cardiac output, a decrease in periph-
eral resistance, and a selective elevation and redistribution of blood flow from the 
core to the extremities (Fig. 3.1). In contrast to exercise, however, these changes 
are largely driven by thermoregulatory as opposed to metabolic requirements, and 
are therefore underpinned by distinct respiratory, cardiac, and vascular adjust-
ments. These act to maximise convective heat transfer within the body and evapo-
rative heat dissipation to the surrounding environment while preserving mean 
arterial and perfusion pressure and increasing O2 delivery in many tissues above 
the metabolic demand.
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Fig. 3.1 Systemic and regional haemodynamic responses to progressive passive heat stress- 
induced hyperthermia. Data for mean arterial pressure, femoral venous pressure, cardiac output, 
and total peripheral resistance graphs are redrawn from [10] and [22]. The limbs blood flow graph 
is based on data reported by Pearson et al. [10] (legs) and Kalsi et al. [45] (forearms), whereas the 
head and cerebral blood flow graph is from [12]. Lastly, the visceral blood flow and right atrial 
pressure graphs are based on data from [4]. The increase in blood flow in the legs, arms, and head 
accounts for the majority (>80%) of the increase in cardiac output
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3.2.1  Respiratory Responses to Passive Heat Stress

Elevations in core temperature >1  °C induce a hyperventilatory response in 
humans, despite a small absolute increase in metabolic requirements and O2 con-
sumption (∆V̇O2 ~0.15 l/min or 70% increase in resting metabolic rate) [10]. The 
potential mechanisms controlling the hyperventilatory response to hyperthermia 
are outside the scope of this chapter, but are discussed in detail in a recent review 
[11]. In hyperthermic but euhydrated individuals, arterial O2 content is unchanged 
or increased, and mixed venous O2 is significantly increased due to the signifi-
cant increase in blood flow to the cutaneous and deep tissue circulations for 
thermoregulatory purposes [10]. As a result, even at the very highest levels of 
heat stress, O2 delivery to both thermoregulatory and metabolically active tissues 
is elevated well in excess of that required to maintain the modest increases in 
V̇O2, and systemic and limb O2 extraction is therefore markedly blunted (see Fick 
principle in Fig. 3.2). In contrast to its negligible effect on arterial O2 content, 
however, the effect of hyperventilation on intravascular CO2 levels is pronounced 
[12]. This has potential implications for brain blood flow and cerebral O2 deliv-
ery, as will be discussed later in the chapter.

VO2    =   Q  x a-vO2 diff

Venous
return

Blood flow
O2 supply

TPR
EDV  - ESV

Ohm’s law

MAP - RAP

X

• •

=

 

HR   x         SV

Fick principle

Fig. 3.2 Schematic illustration of the impact of severe whole-body heat stress on physiological 
function according to Ohm’s law and the Fick principle. Ohm’s law states that perfusion pres-
sure equals flow x resistance, with pressure being the force that drives flow and resistance the 
force that opposes flow. The Fick principle, in turn, determines the rate of oxygen consumption 
by the human body, an organ, limb, or tissue. This is equal to the product of blood flow and the 
arterial-venous oxygen content differences. Note that blood flow is the common denominator in 
both equations. Q ̇ cardiac output, TPR total peripheral resistance, MAP mean arterial pressure, 
RAP right atrial pressure, V ̇O2 systemic oxygen consumption, a-vO2 diff arterio-mixed venous 
oxygen content differences, HR heart rate, SV stroke volume, EDV end-diastolic volume, ESV 
end-systolic volume
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3.2.2  Cardiac Responses to Passive Heat Stress

At the most fundamental physical level, the cardiovascular system can be thought of 
as a variation of Ohm’s law, where pressure (in this case the pressure gradient 
between the arterial circulation and the right side of the heart) is the product of flow 
x resistance. Therefore, if blood pressure is to be maintained in the face of substan-
tial reductions in peripheral resistance (due to profound vasodilation within the 
peripheral tissues), blood flow must also increase in a proportionate manner 
(Fig. 3.1). During passive heat stress, this is achieved through elevations in cardiac 
output, which increases by ~3 l/min for every 1 °C increase in core body tempera-
ture [4, 10, 12–19], and can result in elevations in cardiac output of >5 l/min during 
severe whole-body hyperthermia. In basic terms, these profound increases in car-
diac output can be mediated by one of the three mechanisms: an increase in heart 
rate, an increase in stroke volume, or a combination of the two.

Heart rate: Heart rate increases at a rate of ~35 beats/min/°C core temperature 
[3, 4, 12, 14–16, 20] and is indisputably the primary determinant of cardiac output 
during prolonged passive heat stress. The mechanisms underlying this increase are 
multifactorial, with roughly equal contributions from both neural pathways (60%) 
and a direct effect of temperature on the pacemaker of the heart itself (40%) [21]. 
Around 75% of neural-mediated increases result from the combined effects of 
increased sympathetic nerve activity and elevated levels of circulating catechol-
amines, altering the sino-atrial node pacemaker current and causing an increase in 
heart rate of ~7  beats/min for every 1  °C increase in mixed venous blood 
temperature.

Stroke volume: In contrast to heart rate, stroke volume has been found to remain 
unchanged or to even slightly increase during passive heat stress [4, 13, 22]. This 
finding is remarkable given that whole-body hyperthermia results in a profound 
reduction in central blood volume [23], cardiac filling time, cardiac filling pressure, 
and end-diastolic volume [3, 4, 22, 24–26], thereby decreasing the amount of blood 
available for ejection during each ventricular contraction. In spite of this, the pres-
ervation of stroke volume observed in the majority of studies to date suggests that 
compensatory adjustments to cardiac function are able to effectively counteract this 
challenge, either through improvements in diastolic function, systolic function, or 
both. Multiple studies have indicated that, despite decreases in end-diastolic vol-
ume, diastolic function may in fact be enhanced during hyperthermia [27, 28], 
thereby protecting stroke volume in the face of the decreased filling pressures previ-
ously described [22, 29]. Systolic function is also enhanced, as decreases in end-
systolic volume mirror the drop in end-diastolic volume [22]. Although the cellular 
and molecular mechanisms underlying these regulatory adjustments are still not 
fully characterised and understood, potential explanations may involve the interac-
tion of numerous functionally intertwined factors, including an enhanced intrinsic 
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myocardial contractility [22], an increased rate of myocyte relaxation [29], and 
improved cardiac ‘suction’ during ventricular filling as a result of an increased left 
ventricular untwisting velocity [22, 28].

3.2.3  Vascular Responses to Passive Heat Stress

Skin blood flow: The skin—with its large surface area (1.5–2.0 m2) and abundant 
sweat glands (~2 million)—provides a 30 µm thick interface between the human 
body and external environment, and is therefore the most important tissue for ther-
moregulatory control during heat exposure. As a result, the majority of the increase 
in cardiac output and blood flow ‘redistribution’ from the splanchnic, renal, and 
cerebral organs observed during prolonged passive heating is likely directed towards 
this vascular bed (Fig.  3.1). Although the exact magnitude is unknown because 
direct measures at whole-body level has never been obtained, whole-body skin 
blood flow (estimated from the increase in cardiac output and decline in visceral 
blood flow) is routinely reported to be in the region of 7–8 l/min at the most extreme 
levels of resting heat stress. Early findings which led to the adoption of this figure 
[3, 13, 30], however, have rarely—if ever—been replicated, with levels closer to 
4–5 l/min more commonly reported [4, 10, 12, 14–19] (Fig. 3.1). The control of skin 
blood flow during heat stress is a complex process involving both central and local 
thermoregulatory networks, and can be additionally modified by numerous non-
thermoregulatory feedback mechanisms such as exercise [31], circadian rhythms 
[32], metaboreceptors [33], and baroreceptors [34]. Core temperature is often con-
sidered the major driving stimulus behind changes in skin blood flow at rest, as a 
1 °C increase in core temperature has been demonstrated to have a ninefold greater 
effect on skin blood flow than the same increase in skin temperature. It should be 
noted, however, that the capacity to alter skin temperature during prolonged or 
severe heating is substantially greater than that possible for core temperature 
(~15 °C compared to ~3 °C), resulting in the potential for a much greater contribu-
tion from local temperature- sensitive mechanisms than is often appreciated. In addi-
tion, with these peripheral mechanisms able to induce a maximal cutaneous 
vasodilation even when core temperature remains unchanged [35–39], passive heat 
stress via exposure to high skin temperatures therefore has the capacity to elevate 
skin blood flow through predominantly local mechanisms prior to the development 
of increased core temperatures [17, 40]. Although increases in cardiac output are 
sufficient to offset this profound cutaneous vasodilatory response at rest, the super-
imposition of additional stresses such as dehydration, orthostatic stress, or—as will 
be discussed subsequently—exercise, may have implications for the maintenance of 
perfusion pressure.

Muscle blood flow: The question of whether increases in skin blood flow account 
for the full hyperaemic response during passive heating has remained highly contro-
versial for many years, mainly due to the difficulty in separating skin (average depth 
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~30 µm) and underlying skeletal muscle tissue perfusion in vivo and the variety of 
experimental techniques employed among studies. With early research concluding 
that peripheral vasodilation was confined to the skin alone [41–43], the widely held 
view has been that skeletal muscle tissue is unresponsive to increases in deep tissue 
and blood temperature, which themselves can increase up to 5 °C during local and 
whole-body heating [10, 17, 42, 44, 45]. However, a number of later studies have 
since cast doubt on these findings. Firstly, substantial elevations in thigh skeletal 
muscle perfusion have been observed in studies using high frequency microwave 
diathermy to achieve intense local deep muscle heating [46–50]. While it could be 
argued that the extreme stimulus (muscle temperature 40–45 °C) employed during 
this technique is outside normal physiological limits, later studies involving tech-
niques such as contrast-enhanced ultrasound [51], near infra-red spectroscopy [52], 
Xe133 clearance [53], laser Doppler flowmetry [54], and duplex Doppler ultrasound 
[10, 17, 55] have since supported these findings using more traditional and physio-
logically relevant methods of passive heating. Collectively, these data—together 
with the observation that resting metabolic rate in heat-stressed humans is modestly 
elevated—indicate that skeletal muscle blood flow may make a modest yet mean-
ingful contribution to heat-stress hyperemia, particularly when considering its large 
contribution to body mass. The mechanisms underlying this response remain 
unclear, but appear to be solely mediated at the local level and—much like in the 
skin—are the net result of the augmented vasodilator activity overriding the parallel 
increase in vasoconstrictor activity [45, 53, 55–59]. Multiple vascular, interstitial, 
and intracellular signalling mechanisms sensitive to increases in temperature are 
likely involved in this response [56, 58–62]. One potential intravascular mechanism 
for control of tissue blood flow with alterations in local temperature could be the 
recently proposed temperature-dependent release of ATP from the circulating eryth-
rocytes [45, 58]. This is an attractive possibility because of ATP’s strong vasodilator 
and sympatholytic properties [45,  63–66] and the direct relationship between blood 
temperature and plasma ATP during passive and active hyperaemic conditions [10, 
45, 58, 67].

Visceral blood flow: In direct contrast to the peripheral circulation, splanchnic 
(i.e. stomach, liver, spleen, pancreas, intestine) and renal (kidney) blood flow is 
substantially reduced in the hyperthermic state (Fig. 3.1). This phenomenon most 
likely occurs due to temperature- driven reflex vasoconstriction within the abdomi-
nal vascular beds, thereby contributing to the redistribution of blood flow and vol-
ume to the peripheral vasculature and aiding in the maintenance of mean arterial 
pressure [68]. The presence of this response was first suggested in classic studies in 
the 1960s, where central blood volume and hepatic blood flow were estimated to 
decrease in some [30, 68], but not all studies [3]. Revisiting this question in more 
recent times, estimates of visceral blood flow have demonstrated decreases in the 
region of 30% during severe heat stress [4], while estimates of blood volume in dif-
ferent regions of the human torso have suggested reductions of between 14% and 
23% in the heart, central vasculature, thorax, inferior vena cava, and liver [23]. 
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These findings, combined with the well-documented decrease in central venous 
(right atrial) pressure during heat stress, highlight the ability of hyperthermia to 
elicit selective vasoconstriction within the central vasculature, thereby aiding the 
redistribution of up to ~1 l/min blood flow to the periphery independently of the 
much larger increase in tissue blood flow and cardiac output (~5 l/min).

Cerebral blood flow: Passive elevations in core body temperature are associated 
with progressive reductions in cerebral (CBF) blood flow (~0.1 l/min or 15% fall in 
CBF; Fig. 3.1) [12, 69], with these effects occurring largely as a function of a hyper-
ventilation-induced reduction in the potent cerebral vasodilator CO2 [70]. Increases 
in body core temperature by as little as 1 °C can result in changes in minute ventila-
tion and CO2 of +40% and −10%, respectively [12], while further increases >1.5 °C 
result in marked hyperventilation and a decrease in CBF to levels ~20% below that 
seen in thermoneutral conditions. In contrast to blood perfusion in the brain-supply-
ing internal carotid and vertebral arteries, blood flow in the external carotid artery, 
which perfuses the face and neck [12, 69], increases in a linear fashion with body 
temperature—leading to an overall elevation in blood flow to the head of ~0.5 l/min 
or 48% [12] (Fig. 3.1). This response appears to act independently of CBF [71], and 
is likely driven by thermoregulatory (thermosensitive) rather than blood gas or pH-
related mechanisms [12, 69].

3.2.4  Summary

Passive heat stress results in a decrease in peripheral resistance, an increase in car-
diac output, and a selective elevation and redistribution of blood flow from the core 
to the extremities, head, and superficial tissues of the torso. Despite modest increases 
in aerobic metabolism, this response is predominantly driven by thermosensitive 
mechanisms, resulting in significant cardiovascular strain even at rest, alongside 
tissue blood flows well in excess of that required to meet additional metabolic 
requirements.

3.3  Respiratory and Cardiovascular Responses to Exercise 
Heat Stress

The combination of exercise and heat stress places additional functional and regu-
latory demands on the cardiovascular system as both the metabolic and thermo-
regulatory demands of the body must be met. A long-standing question is whether 
the human circulation can appropriately meet the demands for blood flow of both 
the active skeletal muscles and skin when exercise heat stress engaging a large 
muscle mass is performed (e.g. cycling, running, rowing, swimming). The answer 
to this question is a complex one, with evidence suggesting different circulatory 
responses depending on both the magnitude of hyperthermia experienced and the 
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type of exercise performed (i.e. small vs. large muscle-mass exercise, prolonged 
submaximal exercise vs. incremental maximal exercise, etc.). While circulatory 
adjustments may be sufficient to support blood perfusion during small muscle-
mass exercise and during early whole-body exercise at low-to-moderate intensi-
ties, the superimposition of heat stress during exhaustive whole-body exercise can 
rapidly push the cardiovascular system to its regulatory limits, where both periph-
eral blood flow and cardiac output become impaired [72, 73]. Under these circum-
stances, aerobic power and endurance capacity may be hindered due to the 
development of severe hyperthermia alongside an attenuated O2 delivery to the 
active skeletal muscles, heart, and brain. In this section, we will explore how global 
cardiovascular function, O2 delivery to regional tissues and organs, and removal of 
heat from exercising limbs are altered by exercise heat stress at different exercise 
intensities. Building upon our previous findings in resting conditions, we will 
begin with small muscle-mass exercise in the heat (when overall metabolic 
demands are low), before progressing to whole-body exercise at both submaximal 
and maximal levels. As the focus of this chapter is on whether the cardiovascular 
system is capable of sustaining dual metabolic and thermoregulatory requirements 
of exercise in the heat, we will address these questions using data from uncompen-
sable heat-stress conditions, where skin temperature is held at very high levels 
(39–41 °C) while core temperature increases to different degrees (38.5–40 °C). As 
such, we will not address data pertaining to compensable heat-stress conditions, 
where core temperature can increase to 39–40  °C while becoming significantly 
dehydrated, but skin temperature is stable around 32–35 °C. Decrements in endur-
ance capacity in these conditions are associated with the physiological and percep-
tual strain caused by dehydration and core hyperthermia, which are discussed 
elsewhere [74].

3.3.1  Respiratory Responses to Exercise Heat Stress

Oxygen transport from the atmospheric air to the skeletal muscle mitochondria 
(where the majority of ATP and heat are produced during exercise [75]) is a major 
determinant of aerobic power and endurance capacity, regardless of environmental 
conditions. As the lungs are the first potential site limiting oxygen transport through 
their impact on alveolar O2 diffusion and—according to the Fick principle—arterial 
O2 content, we will briefly discuss below whether or not respiratory responses may 
limit aerobic exercise capacity in the heat.

Submaximal exercise:Similar to observations during passive heat stress, pro-
longed submaximal exercise in the heat is accompanied by a ventilatory response 
higher than that required to meet metabolic demand [76–78]. This hyperventilation 
is characterised by an increase in breath frequency rather than tidal volume, and 
appears dependent solely on the rate of rise in core temperature, as skin temperature 
plays a negligible role [78].
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Maximal exercise: Minute ventilation is also elevated during the submaximal 
stages of incremental exercise in the heat [76], before peaking at similar values to 
exercise in control conditions at maximum exercise intensities [76, 79]. In contrast 
to prolonged exercise, however, the ventilatory response during graded exercise is 
not solely dependent on thermal stimuli, as neural, metabolic, and reflex mecha-
nisms may all play a role [80]. Regardless of the intensity of the exercise performed 
or the mechanisms involved, however, O2 content is either unaffected or elevated 
even at the very highest levels of hyperthermia and/or exercise intensity, suggesting 
that decrements in O2 transport and aerobic capacity during strenuous exercise in 
the heat do not arise from direct respiratory limitations negatively impacting blood 
O2 content. In contrast, reductions in arterial CO2 due to a hyperthermia-induced 
hyperventilatory response may have implications for the control of CBF, as will be 
discussed later in the chapter.

3.3.2  Cardiac and Peripheral Skeletal Muscle, Skin, and Visceral 
Responses to Exercise Heat Stress

Oxygen transport via the systemic circulation (i.e. convective O2 delivery = blood 
flow x arterial O2 content) is the next potential limiting step in oxygen utilisation by 
tissues and organs. In the following sections, we will review the systemic, muscle, 
skin, visceral, and cerebral vascular responses and their consequences on systemic 
and regional O2 utilisation with emphasis on the influence of exercise type and 
intensity.

Submaximal exercise: Studies utilising small muscle-mass exercise (e.g. single-
leg knee-extensor exercise) demonstrate an elevation in both leg blood flow and 
cardiac output during exercise heat stress—suggesting an additive effect of meta-
bolic and thermoregulatory blood flow requirements when whole-body physiologi-
cal demand is very low (power output 10–50 W; Figs. 3.3 and 3.4). Even at these 
low absolute exercise intensities, however, this effect is lower than would be 
expected given the magnitude of hyperemia observed when heat stress and exercise 
are studied in isolation. As an example, while severe passive hyperthermia results in 
elevations in leg blood flow and cardiac output of ~1 l/min and ~5 l/min, respec-
tively, the superimposition of the same thermal stimulus onto single-leg knee-exten-
sor exercise in the same individuals results in increases of only ~0.5 l/min and ~3 l/
min—an attenuation of 40–50% of the response seen at rest [10, 55, 81]. When a 
larger muscle mass is engaged (e.g. cycling), the hyperthermia-induced augmenta-
tion in exercising limb blood flow disappears altogether (Fig. 3.4) [82–85], suggest-
ing that the much greater metabolic and thermoregulatory effects of whole-body 
exercise on exercising leg blood flow (~16 to 19 l/min at peak exercise) cancel out 
the independent influence of hyperthermia observed during passive heating or small 
muscle-mass exercise (Figs. 3.1 and 3.4). This response is likely due in part to an 
attenuation in the skin circulation, as reduced cutaneous vasodilator activity during 
exercise has been shown to sharply curtail skin blood flow (compared to resting 
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values) when core temperature increases >38 °C [86]. Although restrictions in skin 
blood flow may be expected to compromise thermoregulation, a number of factors 
likely help to offset this apparent insufficient vasodilatory response. Firstly, exercise 
reduces the core temperature at which sweating is initiated, thereby facilitating heat 
loss at an earlier stage [87]. Secondly, active muscle blood flow plays a key role in 

Fig. 3.3 Systemic and regional haemodynamic responses to combined constant-load single-leg 
knee-extensor exercise and graded heat stress. Redrawn from [10]
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thermoregulation during exercise, aiding in the convective transfer of heat from the 
interior of the exercising muscles to the overlying skin. This heat transfer pathway 
can account for the dissipation of >60% of the leg energy turnover during both pro-
longed [88] and incremental exercise [67], and thus may explain why exercise heat 
stress has no additive effects on locomotor limb blood flow during whole-body exer-
cise. It may also help to explain why cardiac output only shows small increases 

Fig. 3.4 Leg haemodynamic responses to incremental knee-extensor exercise to volitional 
exhaustion and incremental cycling to voluntary exhaustion with exposure to heat stress (induced 
by 1 h of whole-body exposure to heat stress with a water-perfused suit prior to exercise and main-
tained during exercise) and control conditions. Redrawn from [55, 85], respectively

S. T. Chiesa et al.



57

(1–3 l/min) compared to passive heat stress or exercise in control conditions [10, 
82–85], as increases in exercising limb blood flow account for the majority of the 
increase in cardiac output during constant-load and incremental exercise [6, 7, 64, 
72, 89]. Despite these haemodynamic adjustments, progressive increases in core 
temperature will not be prevented during uncompensable heat-stress conditions, 
and whole- body hyperthermia therefore becomes an important factor in the devel-
opment of fatigue during prolonged exercise in hot environments [90].

Maximal exercise: The combination of heat stress and whole-body exercise at 
near-maximal intensities (e.g. 80–100% V̇O2max) poses one of the greatest chal-
lenges to cardiovascular control. Severe hyperthermia results in a quicker onset of 
fatigue due to a more rapid reduction in mean arterial blood pressure, cardiac out-
put, and blood flow to the working skeletal muscles of the locomotor limbs com-
pared to exercise at temperate ambient temperatures [72, 73] (Fig. 3.5). This fall in 
cardiac output occurs due to a decline in stroke volume, as heart rate is higher over 

Fig. 3.5 Cardiac output (dashed lines) 
and leg haemodynamic and metabolic 
responses (solid lines) to constant-load 
cycling to voluntary exhaustion with 
exposure to heat stress (induced by 1 h of 
whole-body exposure to heat stress with 
a water-perfused suit prior to exercise 
and maintained during exercise) and 
control conditions. Redrawn from [72]
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time and attains similar maximal values compared to temperate conditions [72, 73, 
85, 91]. Similar to passive heat stress, incremental exercise results in selective 
reductions in visceral blood flow (up to 20–40% of resting values). The impact of 
exercise on visceral vasoconstriction appears stronger than that observed during 
graded passive heat stress [92, 93], and as a result, the addition of heat stress onto 
exercise does not seem to change the rate of decline in visceral blood flow as exer-
cise intensity increases. It is therefore unlikely that redistribution of blood flow from 
splanchnic and renal organs contributes significantly to the peripheral blood flow 
responses during exercise heat stress. Ultimately, the fall in exercising leg blood 
flow appears to be associated with reductions in perfusion pressure secondary to the 
fall in cardiac output, rather than an active vasoconstriction process in the exercising 
limb itself, as limb vascular conductance is largely stable throughout exercise [85]. 
Although this accelerated decline in flow is often portrayed as an inability of the 
heart to supply both skin and muscle circulations for metabolic and thermoregula-
tory purposes [8], two major observations argue against a role of skin hyperperfu-
sion per se as the limiting factor affecting maximal endurance capacity in hot 
environments. Firstly, stroke volume is reduced to a greater extent during maximal 
exercise in temperate conditions, compared to the same exercise performed in the 
heat [72]. Secondly, despite decreases in both stroke volume and cardiac output 
immediately prior to exhaustion in a hot environment, their absolute values remain 
elevated compared to those observed in temperature conditions [72]. Instead, a 
shortened cardiac cycle—perpetuated by hyperthermia-induced increases in heart 
rate—likely compounds the fall in cardiac filling and end-diastolic volume [22, 72, 
94]. In these non-steady state physiological conditions, maximal heart rate is 
attained at a faster rate than in comparable exercise in a temperate environment and, 
immediately prior to exhaustion, is accompanied by falls in stroke volume, cardiac 
output, perfusion pressure, leg blood flow, and eventually, O2 delivery to the work-
ing skeletal muscle [72, 90] (Fig.  3.5). This reduction in convective O2 delivery 
reduces limb aerobic metabolism, because maximal functional O2 extraction of the 
exercising limb tissues (~90 to 95%) is achieved in the early stages of severe-inten-
sity exercise [45, 72]. Ultimately, these hemodynamic alterations compromise 
active limb and systemic oxygen uptake and, at least in part, contribute to the 
reduced aerobic power and endurance capacity when exercising in a hyperthermic 
state (Fig. 3.6).

3.3.3  Cerebrovascular Responses to Exercise Heat Stress

The cerebral vascular bed is small in comparison to other peripheral tissues, and is 
strongly regulated by autoregulation and arterial CO2 levels. As such, its response 
to both heat stress and exercise is distinct to that observed in other peripheral vas-
cular beds, and may independently contribute to impaired exercise capacity. 
Dynamic exercise requires the activation of motor and cardiorespiratory neurons, 
and is generally thought to necessitate increases in CBF and O2 supply in order to 
meet the presumed greater ‘brain metabolic activity’ [95, 96]. As a result, any 
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factors compromising CBF may potentially compromise motor neurone activation 
and exercise capacity.

Submaximal exercise: At the onset of prolonged submaximal exercise (<60% 
V̇O2max), CBF increases by ~20% above baseline values, irrespective of the ambient 
conditions [76, 97–100]. If submaximal exercise is continued in a cool environment, 
CBF remains stable as long as the rise in internal body temperature and associated 
ventilatory and blood CO2 responses are prevented [76, 91, 101]. However, the 
development of hyperthermia during exercise heat stress results in a relative hyper-
ventilation (discussed previously), an accompanying reduction in the potent cere-
bral vasodilator CO2—even at submaximal exercise intensities—and ultimately a 
progressive reduction of CBF back towards resting baseline values [76, 100, 101].

Maximal exercise: When incremental exercise is performed to near-maximal lev-
els in temperate conditions, the augmented minute ventilation observed during the 
later stages (i.e. above the ventilatory threshold) also results in a fall in CBF towards 
baseline values [97, 98, 102]. When exercising in a hyperthermic state, this fall in 
CBF occurs both at a lower absolute work rate during incremental protocols [85, 99] 
and sooner during severe constant-load exercise [73], suggesting that augmented 
core temperature plays a role in the differing CBF dynamics. Similar to passive heat 
stress, blood flow to other tissues across the head remains high, with external carotid 
artery blood flow shown to more than double from resting values (up to ~700 ml/
min) [73, 99, 100, 103]. This substantial increase in blood flow is related to the rise 
in body temperature, which is perhaps unsurprising as the external carotid arteries 
in part perfuse the cutaneous circulation of the face and neck. While this association 
has led some to hypothesise that the rise in external carotid artery blood flow may 
‘steal’ blood destined for the cerebral vasculature [98], this is unlikely as changes in 
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Fig. 3.6 Schematic illustration of the impact of severe whole-body exercise heat stress on physio-
logical function according to Ohm’s law and the Fick principle. Note that impaired aerobic capacity 
is associated with blunted peripheral blood flow and cardiac output and enhanced peripheral vascu-
lar resistance, preferentially affecting active skeletal muscle. Diminished venous return and filling 
of the heart is proposed as a primary factor reducing stroke volume, and thus cardiac output
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blood flow in these different tissues appear unrelated [69]. Despite the marked fall 
in CBF, however, global aerobic metabolism of the brain does not appear to be com-
promised at any level of exercise intensity due to compensatory elevations in brain 
O2 extraction [73, 99]. Thus, reduced brain oxygen consumption is unlikely to con-
tribute to the fall in aerobic power and endurance capacity during exercise heat 
stress (Fig. 3.6).

3.3.4  Summary

Exercise heat stress can place substantially greater functional and regulatory 
demands on the cardiovascular system compared to heat stress alone. Although the 
magnitude of cardiovascular response differs depending on the overall metabolic 
demand, the independent circulatory effects of heat stress and exercise are not addi-
tive. On the contrary, exercising limb blood flow during moderate to heavy intensity 
whole-body exercise is actually not different from that seen in normal conditions. 
The superimposition of heat stress onto maximal whole-body exercise, however, 
more rapidly pushes the cardiovascular system to its regulatory limits, where sys-
temic and regional tissue and organ blood perfusion become restricted. While some 
organs can cope better with the decline in convective O2 supply (e.g. the brain), a 
compromised active skeletal muscle O2 metabolism is a major factor explaining 
why aerobic capacity is reduced in the heat-stressed human.
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4.1  Introduction

Body temperature, muscle temperature in particular, modulates performance during 
short duration explosive exercise (e.g., sprinting and jumping) through adjustments 
in neuromuscular function [1]. For instance, muscle power production has been 
shown to be reduced following the administration of lower body cold water immer-
sion, and in contrast shown to be enhanced following hot water immersion of the 
legs [2, 3]. Hence there is a positive relationship between muscle temperature and 
contractile performance, and depending on contraction type and velocity, a 2–5% 
change in performance can be expected per degree of variation in temperature [4]. 
However, this benefit tends to dissipate when sprints are repeated [5] and hyperther-
mia develops [6]. Indeed, the development of whole-body hyperthermia may lead to 
various alterations impairing neural drive [4].

The integrity of the neural system in the heat depends on both central (i.e., supra-
spinal) and peripheral (i.e., spinal and peripheral neural system) responses. The first 
animal studies (in anesthetised cats) examining the influence of hyperthermia on 
central nervous system (CNS) activity reported altered cortical excitability follow-
ing the attainment of central temperatures of 44–45 °C [7]. The effects of hyperther-
mia have since been investigated in exercising humans on many facets of the CNS, 
including cognitive function, perceptual responses, circulatory adjustments, neural 
activity, and muscle activation. At the peripheral level (i.e., spinal modulation and 
proprioception) it has been shown that an increase in muscle temperature can mod-
ify contractile properties, oxidative capacity, and substrate utilisation. There is also 
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emerging research demonstrating enhanced signalling within the myofibrillar and 
mitochondrial regulating pathways following heat exposure. This chapter will pres-
ent the effect of heat on the entire neuromuscular system, including the central and 
peripheral nervous systems, and skeletal muscle.

4.2  Cerebral Responses

4.2.1  Cognitive Functions

The effect of hyperthermia on the CNS can be evidenced through an impairment in 
cognitive function [8, 9], with complex tasks shown to be more affected by hyper-
thermia than simple tasks [10–13] (Fig.  4.1). It is purported that thermal stress 
induces pleasure or displeasure depending on the change favouring or perturbing 
homeostasis [14]. As such, the alliesthesial change accompanying compensatory 
physiological responses to hot environmental conditions may impair complex task 
performance, especially during the dynamic phase of temperature change [12]. 
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Fig. 4.1 Example of cognitive tasks being impaired or not by hyperthermia. Example of test from 
the CANTABeclipse battery (Cambridge Cognition, Cambridge, UK)
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Thus, thermal stress and strain represent a cognitive load, potentially limiting the 
resources available to process complex tasks [9]. For example, whilst theta activity 
increases with cognitive task complexity, it also increases when exposed to heat 
stress [15]. Indeed, it was shown that despite brain activity being higher at rest in the 
heat, a simple planning task could still be performed, albeit at the cost of a higher 
activity, but a complex planning task requiring more cognitive resources was 
impaired [15] (Fig. 4.2). This model may also partly explain why cooling the head 
and reducing thermal discomfort protect the ability to perform some complex cog-
nitive tasks (e.g., short-term memory) in hot environments [16, 17]. Of note, hyper-
thermia may also increase impulsivity [13], as suggested by an increase in the rate 
of false alarms during a sustained attention task [17], or by the faster but false 
responses recorded during a complex planning task [12].

Heat acclimation appears to protect cognitive function in the heat [18–20]. 
Repeated passive heat exposure has been observed to negate the hyperthermia- 
induced decrement in complex cognitive function (i.e., planning task) and allow for 
a similar performance in hyperthermic compared with normothermic individuals. 
The similarity in performance occurred despite thermal sensation, thermal discom-
fort and negative to positive affects ratio, remaining increased in the hyperthermic 
state [20].

4.2.2  Perceptual Responses

Whilst the effects of heat perception on behavioural thermoregulation are detailed 
in Chap. 1, it should also be acknowledged that the increased ‘cognitive load’ 
induced by heat exposure may be partly related to the sense of displeasure when 
homeostasis is perturbed [14]. Passive hyperthermia has been shown to increase 
negative affect (with or without change in positive affects) as estimated by the 
positive and negative affect schedule (PANAS) [13, 20]. Along the same lines, it 
has been suggested that hyperthermia may reduce motivation and thus exercise 
capacity [21, 22]. Others have further suggested that thermal perception in response 
to a high skin temperature may affect work rate at the onset of exercise [23]. 
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Fig. 4.2 Increasing task complexity increases cerebral activity such as theta wave (blue). 
However, hyperthermia (orange) also increases cerebral activity, limiting the amount of available 
resource (white)
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This remains a tenuous premise however as several studies have shown that exer-
cise is initiated at the same intensity regardless of the environmental temperature 
[24–28], or previous heat exposures [29]; and that muscle force and voluntary acti-
vation is decreased by an elevated core temperature rather than skin temperatures 
[30, 31]. As such, whilst heat perception likely affects cognitive performances, 
physical performance appears to be more affected by the physiological strain 
 consequent to the heat stress.

4.2.3  Cerebral Circulatory Responses

The development of hyperthermia during constant rate cycling in the heat is associ-
ated with a progressive reduction in cerebral blood flow, typically measured as 
middle cerebral artery mean blood velocity (MCA Vmean) [32–35]. This reduction is 
in contrast to the stable elevation in MCA Vmean that is maintained under cool condi-
tions when a physiological steady state occurs [32]. The reduction in cerebral blood 
flow under heat stress is purported to occur in response to a decrease in cardiac 
output and arterial blood pressure, and to hyperventilation-induced hypocapnia (i.e., 
a decrement in arterial carbon dioxide pressure; PaCO2) [32, 33], which accounts 
for 30–50% of the reduction [32, 34]. The difference in cerebral blood flow observed 
between constant rate exercise in hot and cool conditions may also stem from dif-
ference in relative exercise intensity, induced by the development of thermal and 
cardiovascular strain in the heat [26]. Indeed, as maximal aerobic capacity decreases 
with increasing levels of thermal strain [36], adjustments in cardiovascular function 
occur that result in a progressive increase in relative exercise intensity, leading to a 
rise in ventilation and a decrease in PaCO2.

In contrast to constant rate exercise, cerebral blood flow increases at the onset 
of self-paced exercise in both hot and cool environmental conditions, but then 
progressively decreases [26]. This occurs in response to a relative exercise inten-
sity of around 80–85% VO2max during 40  km time trial efforts [27, 37]. 
Consequently, a hyperventilation-induced decrease in PaCO2 occurs, contributing 
to the reduced cerebral blood flow. This reduction is exacerbated when exercising 
in the heat in part due to a decrease in arterial blood pressure and increase in 
peripheral blood flow redistribution [26]. Interestingly, decreases in cerebral 
blood flow are associated with a brain temperature of ~0.2 °C higher than that of 
the body core during exercise, independent of thermal state (i.e., hyperthermia) 
[38]. Reductions in cerebral blood flow during strenuous exercise have also been 
suggested to compromise the ability of the central nervous system to voluntarily 
activate skeletal muscles, consequent to inadequate oxygen delivery to the brain 
[32, 39, 40]. The development of fatigue during such high-intensity exercise how-
ever, with or without hyperthermia, is associated with an enhanced cerebral 
metabolism manifested by a compensatory increase in oxygen extraction in the 
brain [33, 41–43]. Accordingly, the exacerbated reduction in cerebral blood flow 
observed under heat stress does not appear to mediate an additional decrement in 
performance via central inhibition.
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4.2.4  Cerebral Activity

Electroencephalographic activity (EEG) is a direct real-time measure of neural 
 processing. It allows for assessing the relationship between cerebrocortical activity 
and behaviour using electrodes placed at specific locations across the scalp. EEG 
activity is evaluated along various frequency bands such as alpha (α: 8–12 Hz) and 
beta (β: 12–30 Hz), which are associated with different states of brain functioning. 
For example, α activity is linked to the capacity to maintain attention, mental readi-
ness, and relaxed focus, whereas β activity is related to wakefulness, mental activity, 
and cortical arousal [44, 45].

When exhaustive exercise is undertaken in the heat, a decrease in β activity has 
been reported in the frontal lobe (i.e., F3–F4), in conjunction with the rise in core 
temperature and ratings of perceived exertion [46–49]. Similar findings were 
reported following the completion of a self-paced time trial in the heat [50] and sug-
gested to represent a suppression of arousal, with potential links to the development 
of fatigue and the impairment of performance under heat stress [46–48]. A more 
recent study has extended these findings by reporting a decrease in both α and β 
activity in the frontal and central areas during high-intensity self-paced exercise in 
hot compared with cool conditions [51]. This decrement was associated with an 
increased metabolic activity and thermal perception (i.e., discomfort), as the stron-
gest predictors of change in β activity were power output, oxygen uptake, and ther-
mal discomfort. The authors also noted that the decrement in α activity in the heat 
was seemingly time and intensity dependent [51]. These findings are in line with 
reductions in prefrontal and motor cortex activity in the α, β, and γ frequency bands 
during incremental exercise in temperate conditions, which occurred upon reaching 
the respiratory compensation point (~85% VO2max) [52], an intensity typically main-
tained during prolonged self-paced exercise [27, 28, 37].

To localise the specific areas where changes in cerebrocortical activity occurred, 
Périard et al. [51] used standardised low-resolution brain electromagnetic tomog-
raphy (sLORETA). They showed that α and β activity increased at the onset of 
self- paced exercise in cool conditions in various brain areas (e.g., the primary 
somatosensory cortex, motor cortices, dorsolateral prefrontal cortex, insula, 
supramarginal gyrus, cingulate cortex, and frontal gyrus), whilst only β activity 
increased in the heat (Fig. 4.3). Thereafter, a decrease in activity ensued, with α 
activity being lower in the somatosensory and somatosensory association cortices 
under heat stress. This suggests that prolonged high-intensity exercise in the heat 
is associated with changes in brain activity that are linked to a reduced capacity to 
inhibit conflicting attentional processing, decreased mental readiness, and sup-
pressed arousal [51].

Of note, following a series of studies, Nybo and Nielsen [47] speculated that a 
reduction in cerebral blood flow during exercise in the heat may contribute to a 
decrease in EEG activity in the prefrontal area, consequently increasing perceived 
exertion and leading to the volitional termination of exercise (i.e., exhaustion). 
However, Rasmussen et al. [48] examined the changes in cerebral perfusion during 
constant load exercise to exhaustion in the heat, and concluded that adjustments in 
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cerebrocortical activity were not causally related to changes in cerebral circulation. 
As such, it would appear that although cerebral blood flow is reduced during 
intense exercise in the heat, it does not represent a modulating influence on perfor-
mance, which appears more strongly linked to an inhibition in mental focus and 
decreased arousal.

4.2.5  Neuromuscular Drive

Electromyographic activity (EMG) is a measure of muscle electrical activity. Some 
[53–55] but not all [56, 57] studies have reported a decrease in EMG during 
 endurance exercise (mainly cycling) in the heat. It is difficult to draw conclusions 
from these studies as EMG activity depends on exercise intensity (i.e., maximal vs. 
sub- maximal) and type (i.e., self-paced vs. fixed intensity). For example, EMG 
activity has been shown to decrease in conjunction with power output due to fatigue 
even in temperate environments [58]. Thus, EMG activity is similar in hot and cool 
conditions at the same power output, but lower at exhaustion in the heat due to the 
attainment of a lower power output [59].

Several studies have used maximal voluntary isometric contractions (MVC) to 
measure ‘maximal’ EMG activity. Interestingly, EMG and force production capac-
ity are not affected by exercise-induced heat stress during brief (~3 to 5 s) MVC [22, 
60, 61]. Although EMG activity and force production may [62] or may not [60] 
decrease when brief MVCs are repeated, EMG and force have been consistently 
shown to decrease more during a prolonged MVC (120 s) in hyperthermic com-
pared with normothermic states [60]. Of note, an increase in skin temperature can 
also decrease surface EMG in response to peripheral vasodilation or changes in the 
skin–electrode properties [63]. As such, data based on voluntary activation mea-
surements obtained by electrical stimulation of the motor nerve during an MVC 
may represent a better indicator of the effect of hyperthermia on central drive than 
simple EMG measures.

Fig. 4.3 Beta activity increased (red) during the first 10% of a time trial in the heat and then 
decreased (blue) upon reaching 30%. A anterior, L left, P posterior, R right, S superior. Reproduced 
with permission from Periard et al. [51]
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When an electrical impulse is evoked on a motor nerve, it induces a muscle 
twitch. The amplitude of this twitch is maximal when the muscle is relaxed and the 
electrical impulse is (supra)maximal, but decreases when background voluntary 
force increases until becoming nil when the muscle produces its maximal force 
[64]. A percentage voluntary activation can be estimated by comparing a superim-
posed twitch (usually a doublet) to its resting value, albeit the meaning of this per-
centage has drawn some criticisms [65, 66]. Using this method, heat stress has been 
shown to reduce voluntary activation and force production capacity of locomotor 
muscles (e.g., knee extensors) without force production capacity decreasing in non- 
exercising muscles (e.g., forearm), suggesting a selective alteration in exercising 
muscles [61, 67]. However, a non-selective effect of hyperthermia has also been 
suggested, as a decrease in force of both the exercising (knee extensors) and non- 
exercising (handgrip) muscles has also been reported following exhaustive exercise 
in the heat [60]. In any case, exercise-induced fatigue has been shown to decrease 
force, EMG activity, and voluntary activation, even in temperate environments [58, 
68], and the alterations following exercise may not differ in the heat and temperate 
environments following self-paced exercise [69]. To isolate the effect of hyperther-
mia per se, several studies have used a passive hyperthermia model.

4.2.6  Passive Hyperthermia and Voluntary Activation

Several studies have shown that passive hyperthermia impairs voluntary activation, 
confirming an effect of temperature per se on the ability to produce force [16, 30, 
31, 70]. This decrement has been attributed to an elevated core temperature rather 
than any local effects of elevated muscle and skin temperatures [30, 31]. This decre-
ment is negligible during brief MVCs [16, 30, 31, 70], but is exacerbated during 
sustained contractions [16, 20] (Fig. 4.4). The additional decrement when contrac-
tions are prolonged was not related to changes in peripherally evoked potentials 
(i.e., M-wave and H-reflex, see below) and was thus attributed to a failure at the 
supraspinal level [16]. Such a supraspinal failure was confirmed using transcranial 
magnetic stimulation (TMS) [71]. In this study, peak muscle relaxation rate follow-
ing TMS was ~20% faster during hyperthermia, leading the authors to suggest that 
the motor cortex was unable to compensate for the faster contractile speeds (i.e., 
faster firing rate) required to reach and maintain the fusion of force [71]. However, 
another study reported a further increase in relaxation rate from moderate (38.5 °C) 
to severe (39.5 °C) passive hyperthermia without influencing the loss of voluntary 
muscle and cortical activation, suggesting that centrally mediated firing rates are 
sufficient to overcome hyperthermia-induced changes in muscle contractile proper-
ties [72]. Thus, the hyperthermia-induced decrease in voluntary activation may not 
originate from a failure to account for temperature-related adjustments in muscle 
contractile speed. Although the origin of the supraspinal failure during prolonged 
contractions is currently unknown, it is important to note that such contractions are 
difficult to perform and require practise, feedback, and exceptionally high motiva-
tion [73]. Importantly, the negative effects of whole-body hyperthermia on the 
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supraspinal ability to maintain voluntary activation during a prolonged contraction 
can be partly circumvented by heat acclimation [20]. Indeed, the decrease in volun-
tary activation and torque production noted during a sustained MVC in non- 
acclimated hyperthermic individuals relative to the normothermic state disappears 
after acclimation [20] (Fig. 4.4).

4.3  Spinal and Peripheral Responses

4.3.1  Spinal Modulation

Beyond the various CNS alterations discussed above, hyperthermia may also affect 
spinal and peripheral responses [16]. In temperate conditions, fatigue has been 
shown to affect the spinal modulation of neural drive, partly through a presynaptic 
inhibition mediated by group III and IV afferents [68, 74–78]. As these afferents are 
temperature sensitive, spinal modulation of the neural drive is also likely to occur in 
response to hyperthermia. Several studies have reported decreased amplitude of the 
H-reflex, a monosynaptic spinal reflex, following passive hyperthermia [16, 79] 
(Fig.  4.5). This finding was persistent regardless of whether the H-reflex was 
expressed in absolute terms or normalised to the M-wave to account for peripheral 
changes (e.g., at the level of the sarcolemma or neuromuscular junction) [16, 79], 
and was further confirmed by a decrease in V-wave, an electrophysiological variant 
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Fig. 4.4 The ability to sustain torque during a maximal contraction is impaired by hyperthermia 
(orange) as compared to control conditions (blue). The effect of hyperthermia on torque mirrors 
the effect on voluntary activation. Acclimation partly counteracts those impairments. Reproduced 
with permission from Racinais et al. [20]
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of the H-reflex [16]. However, the mechanism underpinning the altered reflex 
response following hyperthermia is uncertain, as it is not clear whether group III 
and IV muscle afferents directly inhibit motoneurons or act upstream of the motor 
cortex to impair descending voluntary drive [80]. In addition, using paired pulse 
H-reflexes to measure the homosynaptic postactivation depression (HPAD) 

200 µs

400 V 1 mA
adjustments

α-motoneuron

M-wave H-reflex

Ia-afference

CON
HYP

Post-acclimationPre-acclimation

Time (ms)

A
m

pl
itu

de
 (

m
V

)

5

4

3

2

1

–1

–2

–3

–4

–5
–40 40 800 –40 40 800

0

a

b

d

c

Fig. 4.5 Electrical stimulations (a) are applied to the alpha-motoneuron (b) and Ia-afferents (c) to 
evoke M-wave and H-reflex, respectively. As displayed in panel (d) H-reflex occurs earlier and 
with a lower amplitude in hyperthermic participants (HYP vs. CON), and this pattern of response 
is not affected by acclimation. Of note, M-wave shows a similar pattern of response. Modified 
from Racinais et al. [20]
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recovery curve, Racinais and Creswell [79] concluded that hyperthermia altered the 
amplitude of the reflex pathway response, without affecting the synaptic depression 
from repeated discharges. As such, it is not clear if hyperthermia affects spinal 
reflexes through spinal inhibition, a synaptic failure, or an increase in nerve conduc-
tion velocity.

4.3.2  Motoneuron and Neuromuscular Junction

Under heat stress, the increase in tissue temperature has been shown to decrease the 
amplitude of an electrically evoked action potential, both in vitro [81–83] and in vivo 
[16]. Importantly, a decrease in M-wave amplitude in humans can be induced by 
either locally heating the leg [84] or via whole-body passive hyperthermia [16]. This 
suggests that the decrement in M-wave amplitude is due to a failure at the peripheral 
level, rather than a central response. The decrease in amplitude when recorded via 
surface EMG may partly be related to a higher cutaneous blood flow or alterations in 
the skin/electrode pairing [63, 85], although intra-muscular EMG recordings have 
confirmed the existence of neural alterations [20]. Such peripheral neural alterations 
could be due to changes in the transmission of the neural drive from the α-motoneuron 
to the sarcolemma (i.e., neuromuscular junction), or from transmission of the action 
potential through the α-motoneuron and/or the sarcolemma themselves.

A synaptic failure induced by hyperthermia may potentially explain the decre-
ment in both the H-reflex (spinal synapse, see above) and M-wave (neuromuscular 
junction). High temperatures have been shown to inhibit the transmission of action 
potentials from the pre- to the post-synaptic element in vitro [86]. Specifically, stim-
ulation of the presynaptic element of a drosophila nerve consistently produced post- 
synaptic quantal events at 22 °C, but the amplitude of the response declined and 
failures appeared as temperature was progressively increased, with a complete fail-
ure in transmission observed at 35 °C [87]. However, in animal models, such fail-
ures have been shown to be attenuated by prior heat exposure, probably through an 
increase in basal heat shock protein (HSP) expression [86, 88]. In contrast, heat 
acclimation in humans has been shown to have no influence on M-waves and 
H-reflexes following heat stress [20], suggesting that these decreases are not linked 
to synaptic failure. Human neuromuscular junctions have a very high safety factor, 
with far more acetylcholine released per stimulus than necessary to induce muscle 
fibres depolarisation [89]. In addition, total synaptic failure has never been demon-
strated in hyperthermic humans, despite attaining higher temperatures than previous 
in  vitro studies [72, 79]. Therefore, peripheral alterations are likely related to a 
gradual effect of temperature on axonal conduction velocity rather than synaptic 
failure. This is confirmed by the observation that temperature is negatively corre-
lated to the latency, amplitude, duration, and area of the action potential [90]. This 
can be explained by the rule of Vant-Hoff, stating that there is a two- to fourfold 
increase in the rate of chemical reactions for every 10 °C increase in temperature. 
As such, at higher temperatures, the voltage-gated sodium channel remains open for 
a shorter period of time, decreasing the time for ion movements and consequently 
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decreasing the duration and amplitude of the axon potential [89, 91]. In hyperther-
mic humans, the peripheral decrease in the amplitude of an action potential is likely 
a side effect of a faster nerve conduction velocity, which remains independent of 
acclimation [20] (Fig. 4.5).

4.3.3  Proprioception

Numerous studies have investigated the effect of hyperthermia on the neuromuscu-
lar system using isometric contractions coupled with electrically evoked potentials 
[16, 30, 31, 60]. There is an emerging body of literature looking at the consequences 
of neural alterations in terms of proprioception, balance, and motor control. It has 
recently been reported that whole-body hyperthermia impairs proprioceptive acuity 
during specific movement discrimination tasks, and reduces both dynamic and static 
postural stability during a Star Excursion Balance test and a single leg stance [92]. 
These impairments are suggested to be due to hyperthermia rather than an increase 
in localised skin/muscle temperature, as localised heating has been shown to have 
no influence on proprioception or balance [93, 94]. Regardless, the influence of 
hyperthermia on proprioception, balance, and motor control during complex ath-
letic movements has yet to be determined and warrants further investigations.

4.4  Muscle Responses

4.4.1  Muscle Contractile Properties

Tetanic force (i.e., the fusion of several twitches) may be improved by an increase 
in muscle temperature [95–97], probably due to the improved binding capabilities 
of contractile proteins [97]. However, the effects of increased temperature in vivo 
could be lower than previously believed from in vitro experiments, which are rou-
tinely performed at sub-physiological temperatures [98]. Indeed, increasing muscle 
temperature within the physiological range (i.e., 37–43 °C) does not seem to affect 
muscle fibre force [99], and as such may not modify peak twitch amplitude (Pt) in 
humans [59, 70, 100] (Fig. 4.6).

A decrease in muscle temperature has been shown to delay chemical reactions 
[101] and cross-bridge binding [102], as well as decrease in actomyosin sensitivity 
for calcium [103]. Correspondingly, an increase in muscle temperature will increase 
the rate of force development of a muscle twitch [95, 104], probably due to the 
combined effects of increased ATPase activity of the myosin heads [105], and cal-
cium retention by sarcoplasmic reticulum [106]. Thus, as opposed to muscle force, 
an increase in muscle temperature will increase muscle contraction velocity [4]. The 
faster contraction time (CT) and half relaxation time (HRT) of a muscle twitch 
reported in vitro [96] have also been consistently reported in humans, even when Pt 
was shown to be unchanged [59, 70, 100]. However, it remains unknown if these 
responses are partly influenced by non-contractile tissues, as it has been suggested 
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that an increase in temperature may decrease joint and muscle viscoelastic resis-
tance [107, 108].

The effects of muscle temperature on contractile properties have been shown to 
influence muscle performance during various tasks. For example, Oksa et al. [109] 
showed that decreasing calf temperature through 60 min of cold exposure at 27, 20, 
15, or 10 °C proportionally decreased jump height. Although higher muscle tem-
peratures have been shown to increase contraction velocity, it did not affect the 
isometric force of the forearm [110], indicating that dynamic movements may be 
more affected by temperature than isometric contractions [2]. Within dynamic 
movements, fast movements have been shown to be more influenced by temperature 
compared with slower movements [3, 111].

Of note, acute hyperthermia has been shown to acutely shorten CT and HRT, 
even without changes in Pt [70]. Moreover, the shorter CT and HRT were not recov-
ered following repeated heat exposures despite an increase in Pt (Fig. 4.6) [70]. This 
increase has been confirmed by an increase in torque production for a given volun-
tary activation as well as improvement in torque/EMG linear relationship [70], and 
as such is likely due to an improvement in skeletal muscle contractile properties 
with repeated heat exposures.
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muscle temperature. An 
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4.4.2  Muscle Hypertrophy

Whilst the effects of acute heat stress on muscle contractile function have been tra-
ditionally well described, research investigating the longer term phenotypical and 
functional adaptations is just emerging [70, 112, 113]. Recent studies have reported 
an increase in knee extensor muscle strength, either following 11 days of whole- 
body passive heat acclimation [70] or following 10-weeks (8 h/day) of localised 
heat application [113]. The increase in muscle strength was characterised by an 
increase in Pt and MVC force production capacity, despite unchanged voluntary 
activation [70], as well as an increase in myofibre and whole muscle cross-sectional 
area [113]. These findings are supported by previous work in rodent and muscle 
cultures, demonstrating increased muscle protein content in vitro [114] as well as in 
young and aged mice in vivo [115] following 60 min of heat stress (41 °C). Heat 
stress has also been shown to enhance the recovery of muscle mass within atrophied 
muscles [116, 117], as well as attenuate the loss in muscle mass in ageing [115], 
disuse [118], and pharmacological [119] models of muscle atrophy. Moreover, heat 
exposure has been shown to preserve muscle mass and minimise protein degrada-
tion in a variety of muscle trauma models including ischemic injury [120], crush 
injury [121], exercise-induced muscle damage [122], and pharmacologically 
induced muscle toxicity [123, 124].

The molecular mechanisms underpinning heat-induced regulation of muscle 
mass are complex, and seem to involve a concerted mix of enhanced anabolic 
and cytoprotective pathways, coupled with attenuated catabolic signalling 
(Fig. 4.7). Specifically, heat stress has been purported to enhance anabolic sig-
nalling through the Akt-mTOR pathway. In rodents subjected to varying degrees 
of environmental heat stress (37–41 °C), the activation of Akt and downstream 
target p70S6K1 was shown to be enhanced in a temperature dependent manner, 
with the most pronounced activation evident at 41 °C [125]. Excessive hyper-
thermia though is likely to render adverse effects, as continuous (>6  h) heat 
stress at (>41 °C) has been shown to enhance protein degradation and impair 
myoblast differentiation, resulting in poorly formed myotubes [126, 127]. In 
parallel to anabolic signalling, the activation of Akt may regulate muscle mass 
through downregulating key muscle-specific ligases of the ubiquitin proteasome 
system (UPS) [128, 129], a major pathway modulating muscle protein degrada-
tion [130, 131].

HSPs have also been implicated in the network of mechanisms underpinning the 
regulation of muscle mass following heat stress. They have been suggested to confer 
a variety of cytoprotective functions, resulting in the attenuated loss in muscle mass 
during disuse atrophy, or enhanced muscle re-growth within atrophied muscles 
[116–118]. Additionally, HSP72 has been purported to regulate muscle mass 
through inhibiting the activation of nuclear factor-κB [132], a key transcription fac-
tor associated with inflammation and muscle atrophy [70].
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4.4.3  Muscle Oxidative Capacity

In cultured myotubes, 1 h of mild heat stress (40 °C) was shown to increase PGC-1α 
activity and gene expression, a key transcriptional coactivator implicated in the 
regulation of mitochondrial biogenesis and function [133]. The upregulation in 
PGC-1α was accompanied by an increase in the mRNA abundance of key mito-
chondrial transcription factors and mitochondrial complex-IV subunits. Moreover, 
when heat stress was repeatedly applied for 5 days, an increase in the protein abun-
dance of PGC-1α along with the expression of several subunits representative of 
mitochondrial respiratory chain complexes I–V was evident [134]. Recent work by 
Tamura et al. [135] has extended on such findings within rodents in vivo, where 
AMPK was downregulated, whilst p38 and mTOR signalling were identified as 
upstream activators of PGC-1α during heat stress. Moreover, passive heat stress was 
reported to increase mitochondrial protein content, which in turn was additively 
enhanced by post-exercise heat stress [135].

Although there is presently limited research investigating mitochondrial dynam-
ics in heat stressed humans, the available findings seem to in-part contradict that 
gathered from muscle culture and rodent models [136, 137]. Indeed, in humans, 
post-exercise recovery or exercise per se when undertaken in hot environments 
(~33 °C) was shown to attenuate the mRNA expression of PGC-1α, including the 

Fig. 4.7 Mechanisms by which heat exposure is suggested to maintain/increase muscle mass. 
Heat stress upregulates anabolic signalling through the Akt-mTOR pathway. In parallel, the activa-
tion of Akt following heat exposure may also influence muscle mass through downregulating key 
muscle-specific ligases of the ubiquitin proteasome system (UPS). Heat shock proteins (HSP) are 
suggested to preserve muscle mass through attenuating the transcription of key muscle-specific 
ligases of the UPP, and conferring cytoprotective effects during protein degradation. HSPs also 
support hypertrophy as molecular chaperones for newly formed peptides following translation
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expression of several regulatory factors downstream, respectively [136, 137]. 
Interestingly, the response to localised heat exposure in humans seems to be highly 
diverse, as increases in PGC-1α, respiratory chain I and V complexes, as well 
HSP70 and HSP90 were evident following short-term localised heating of the quad-
riceps (2 h/day for 6 days) [138]. The mechanisms underpinning such a differential 
response following whole body and localised heat stress are not understood, but 
may be related to AMPK signalling. Indeed, whilst Hafen et al. [138] demonstrated 
an increase in AMPK signalling following localised heating, systemic heat stress in 
rodents has been shown to downregulate AMPK activation [135]. This differential 
AMPK response to local and systemic heat stress may in-part account for the 
observed disparity in PGC-1α transcriptional control [136–138]. Future research 
should investigate the effect of whole body and localised increases in temperature 
on AMPK activation and subsequent changes in the regulation of mitochondrial 
dynamics.

4.4.4  Substrate Utilisation

An increase in temperature can affect muscle metabolism by facilitating the release 
of oxygen from haemoglobin [139] and myoglobin [140]. The rate of ATP utilisa-
tion could also be increased when exercising in the heat, matched by an increase in 
anaerobic glycolysis and creatine phosphate hydrolysis [141, 142]. In addition, hot 
temperatures through modifying vasodilatation can affect substrate provision and 
metabolite removal [143]. Thus, exercise in the heat appears to induce a greater reli-
ance on muscle glycogen and anaerobic metabolism [141, 142], and a greater post- 
exercise accumulation of ammonia, as well as muscle and blood lactate [141, 144, 
145]. The greater reliance on anaerobic metabolism under heat stress may also be 
explained by the increased release of adrenalin and consequently enhanced 
β-adrenergic stimulation [141, 146, 147], which following heat acclimation has 
been shown to be reduced in line with reduced carbohydrate utilisation [141].

4.5  Conclusion

An increase in muscle temperature can improve physical performance in brief 
efforts through an increase in muscle power production. However, hyperthermia 
impairs both maximal neural drive during a maximal voluntary contraction and 
complex cognitive task performance. These impairments are due to alterations at the 
level of both the peripheral and central nervous systems. At the level of the periph-
eral nervous system, there is a decrease in the amplitude of an action potential. In 
humans this decrease is likely due to a faster nerve conduction velocity reducing 
depolarisation time, which cannot be recovered by heat acclimation. Conversely, 
impairments in the capacity to sustain neural drive during a prolonged contraction 
or to perform complex cognitive tasks are likely due to CNS alterations. The altera-
tions may be linked to physiological (e.g., cerebral blood flow adjustments) and 
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perceptual (e.g., suppression of arousal and disengagement to a task) perturbations, 
and can be partly reverted by heat acclimation. Future studies should focus on the 
effect of hyperthermia on integrated complex systems such as motor control. Future 
studies should also investigate the potential increase in myofibrillar and mitochon-
drial protein synthesis following heat exposure.
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5.1  A Long History of Heat Stroke

Heat stroke is a complex physiological condition that has plagued humankind for 
centuries. It is considered one of the oldest known medical conditions with descrip-
tions of human death from heat exposure dating back to the earliest writings of man 
[1]. Sunstroke was an early term that was mentioned several times in the Bible in 
reference to the death of farmers as well as armored fighting forces ~1000 B.C. [2]. 
Fever in men and madness of dogs later became correlated with the summer appear-
ance of Sirius, the Dog Star of the constellation Canis Major, from which stems the 
phrase “dog days” of summer (~3000 B.C.). The term “siriasis” was later introduced 
into the medical literature in reference to all heat illnesses and remained the preferred 
term well into the twentieth century [3]. Despite this long history of the debilitating 
effects of heat stroke, there still remain gaps in our understanding of the complex etio-
logical factors (e.g., host immunity, environment, physical injury) that predispose to 
collapse, as well as the mechanisms mediating the wide array of organ responses. 
Within the last decade, considerable effort has been put forth attempting to identify 
mechanisms of multi-organ injury that may lead to the identification of novel targeted 
clinical therapies to mitigate morbidity and hasten recovery. While much progress has 
been realized in this realm, much also remains to be discovered. The purpose of this 
chapter is to identify misconceptions that have permeated the scientific literature and 
clouded our judgement as to the pathophysiologic basis for the devastation that wreaks 
havoc on multiple organ systems following heat stroke collapse.
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5.2  Heat Illness Defined

The responses to exercise-heat stress can be categorized as minor “heat-related” 
conditions versus exertional heat “illnesses.” An abbreviated list of minor heat- 
related conditions includes physiological hyperthermia of exercise, exercise- 
associated muscle cramps (EAMCs, also known as heat cramps), and heat syncope. 
Note that these conditions are not categorized as heat illness per se, that is, they 
occur typically, but not always, during environmental heat exposure, but are usually 
not severe enough to place an individual at increased risk for true heat illness. 
Physiological hyperthermia of exercise may occur in hot or temperate environments 
as a natural response to the increase in metabolic heat production that occurs during 
exercise. That is because only ~20% of energy during exercise is used for skeletal 
muscle contractions, while the remaining ∼80% is released as heat. As long as the 
rate of heat loss remains in balance with heat production, an elevated, although 
steady-state body core temperature can be sustained for a relatively long period 
until extreme dehydration or energy depletion occurs. Body core temperatures in 
excess of 40.6 °C have been reported in conditioned athletes and these individuals 
will cool naturally upon the cessation of exercise with no adverse effects [4]. 
EAMCs or heat cramps occur following strenuous exercise and appear as brief, 
recurrent, and often agonizing skeletal muscle cramps of the limbs and trunk, 
although smooth, cardiac, and diaphragm muscles are not involved. Cramps may be 
precipitated by vigorous use of affected skeletal muscles and may recur in the same 
individual, but are not associated with significant complications and do not predis-
pose to exertional heat illness. EAMCs often occur in salt-depleted persons during 
a period of recovery (up to many hours) after prolonged, intense sweating [5]. The 
mechanism of EAMC is not fully understood. It has been suggested that EAMCs 
are due to electrolyte depletion, but this is based mainly on anecdotal and observa-
tional studies rather than sound experimental evidence [6, 7]. Malignant hyperther-
mia (MH) is a genetic condition characterized by a mutation in the ryanodine I 
receptor (RyR1) that normally regulates Ca2+ flux in skeletal muscle [8]. Whether 
there is a connection between EAMCs, MH, and complications associated with 
exertional heat illness or exertional rhabdomyolysis is a hypothesis that has been 
recently introduced and will be discussed further in this chapter [9–12]. Heat syn-
cope is a temporary circulatory insufficiency due to pooling of blood in the periph-
eral veins (typically the lower extremities), which reduces diastolic filling of the 
heart resulting in inadequate cerebral perfusion. Heat syncope often, but not always, 
occurs after prolonged standing or cessation of exercise in hot weather with symp-
tomology ranging from lightheadedness to a loss of consciousness. Dehydration 
may be a contributing factor to heat syncope, but body core temperature is typically 
not elevated, and victims will re-establish cerebral perfusion and recover rapidly 
once seated or supine.

Heat “illnesses” are best described as a spectrum of conditions with overlapping 
features that exist on a continuum and often lead to severe organ damage or death if 
not rapidly recognized and effectively treated. In World War II, attempts were made 
to provide distinct categories, with associated symptoms, for each of the various 
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severities of heat illness, but we recognize today that it is difficult to regard them as 
discrete disorders with their own distinct pathogenesis. For the purposes of this 
chapter, discussion will be focused primarily on exertional heat illnesses, which 
typically occur in young, healthy, fit individuals engaging in physical activity in hot 
or temperate environments. Exertional heat illnesses are categorized as heat exhaus-
tion (HE), exertional heat injury (EHI), and exertional heat stroke (EHS) as high-
lighted in Table 5.1 [13].

HE is a mild to moderate condition that occurs when cardiac output can no lon-
ger be sustained due to competing demands for increased skin blood flow for heat 
dissipation vs. blood flow to support skeletal muscle contractions and vital organ 
function. Hypovolemia due to dehydration may contribute to the development of 
HE. Symptoms typically consist of fatigue, transient ataxia, dizziness, headache, 
and nausea with most individuals recovering following the cessation of physical 
activity, removal from the heat, and adequate hydration. EHI is a condition that is 
intermediate in severity between HE and EHS with patients exhibiting more sus-
tained mild confusion and disorientation. It may be difficult to distinguish EHI 
from HE during the first few hours of illness without a clinical evaluation for end-
organ dysfunction (e.g., acute kidney injury), which is not present with HE. EHI 
patients will maintain thermoregulatory control, but active cooling is recommended 
to accelerate organ function recovery. EHS is a serious, life-threatening condition 
characterized by central nervous system (CNS) dysfunction (e.g., delirium, agita-
tion, inappropriate aggressiveness, convulsions, or coma) that occurs in the pres-
ence of severe hyperthermia. The co-occurrence of CNS dysfunction with 
hyperthermia is necessary to distinguish EHS from other conditions, such as exer-
cise-associated hyponatremia (EAH), that may not present with increased body 
core temperature but has similar symptomology as EHS at the time of presentation. 
EAH is a consequence of hyper-hydration and high stress in which antidiuretic 
hormone levels are often significantly elevated. Symptomology similar to EHS 
includes acute mental status changes, seizures, coma, headache, confusion, visual 
disturbances/changes, nausea, and recurrent vomiting. Due to these overlapping 

Table 5.1 Definition of exertional heat illness

Condition Definition Symptoms
Heat 
exhaustion 
(HE)

Inability to sustain cardiac output to 
meet combined demands of increased 
skin blood flow for heat dissipation 
and blood flow for the metabolic 
requirements of exercising skeletal 
muscle and vital organs

Undue fatigue, transient ataxia, 
dizziness, headache, nausea, vomiting, 
malaise, tachycardia, hyperventilation, 
and transient mildly impaired cognition

Exertional 
heat injury 
(EHI)

A condition intermediate between HE 
and EHS with clinical evidence of 
end-organ injury

More sustained mild confusion and 
disorientation than HE with elevated 
core body temperature

Exertional 
heat stroke 
(EHS)

Serious, life-threatening condition 
characterized by central nervous 
system (CNS) dysfunction in the 
presence of severe hyperthermia

Delirium, agitation, inappropriate 
aggressiveness, convulsions, or coma. 
Core body temperature (i.e., rectal) 
>40 °C, although reliance on a specific 
rectal temperature value is not advised

5 Common Misconceptions in Classic and Exertional Heat Stroke
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features, the presence of hyperthermia with CNS dysfunction is the important 
 distinguishing characteristic of EHS.

Although many of the clinical manifestations of classic heat stroke (CHS) will 
overlap with EHS, CHS is a condition most commonly experienced by vulnerable 
individuals, such as the elderly or very young (Table 5.2).

These individuals either have pre-existing conditions (i.e., illness, medication 
use, cardiovascular insufficiency) or lack the behavioral mechanisms to escape pro-
longed heat exposure during annual heat waves (e.g., children or pets in vehicles). 
CHS is a condition that occurs under resting conditions, thus eliminating the influ-
ence of skeletal muscle heat production and/or overuse injury from the clinical 
pathology (i.e., rhabdomyolysis). Perhaps one of the most intriguing aspects of heat 
stroke, whether exertional or classic in nature, is frequent reports of the victim col-
lapsing under conditions that he/she had been exposed to many times before, or 
while others were concurrently exposed to the same condition without incident [14, 
15]. This suggests that these victims were inherently more vulnerable on that par-
ticular day or some unique circumstance triggered the heat stroke event. There are 
individual and environmental factors that have been recognized to increase heat 
stroke risk, but it is difficult to “score” or assign cumulative risk since any combina-
tion of factors may be present on a particular day and will vary among individuals 
(Table 5.3).

The main distinction between CHS and EHS is the presence of physical exertion 
and the participation of skeletal muscles in the etiology of the latter condition. The 
role that skeletal muscles play in EHS etiology remains debatable, but a consensus 
is the occurrence of extensive skeletal muscle damage with EHS, a condition that is 

Table 5.2 Comparison of classic and exertional heat stroke

Patient characteristics Classic Exertional
Age Young children or elderly 15–45 years
Health Chronic illness common Usually healthy
Recent febrile illness or 
immunization

Uncommon Not uncommon

Prevailing weather Recent, prolonged heat waves Variable
Activity Sedentary Strenuous exercise
Drug use Diuretics, antidepressants, 

anticholinergics, phenothiazines
Usually none, sometimes 
ergogenic stimulants or 
cocaine

Sweating Usually absent Typically present
Lactic acidosis Uncommon Common
Acute kidney injury Fairly rare (<5%) Common (~30%)
Rhabdomyolysis Unusual Common, may be severe
Hyperuricemia Mild Variable
Potassium Usually normal Hypo- or hyperkalemia may be 

present
Calcium Usually normal Hypocalcemia not uncommon
Disseminated intravascular 
coagulation (DIC)

Mild May be marked

Glucose Hypoglycemia common Variable; hyper- or 
hypoglycemia may be present
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normally absent in CHS. Clinically relevant muscle damage is also known as rhab-
domyolysis which is defined by rapid (rhabdo) skeletal muscle (myo) breakdown 
(lysis) resulting in the leakage of intramuscular content such as electrolytes, purines, 
enzymes, and myoglobin into the circulation [16]. As renal failure can be a conse-
quence of rhabdomyolysis, it is considered part of the multi-organ dysfunction that 
often characterizes EHS.  For the remainder of this chapter we will discuss five 
misconceptions associated with EHS and CHS that have permeated the scientific 
literature and seem to have clouded our judgement as to the pathophysiologic basis 
for the devastation that wreaks havoc on multiple organ systems following heat 
stroke collapse. We present the most current literature on the topic and highlight the 
evidence, or lack thereof, behind each misconception.

5.2.1  Misconception #1: The Severity of Heat Stroke Can 
Be Defined by a Critical Body Core Temperature Value  
at the Time of Collapse

Medical textbooks [13], research studies [17–19], athletic position statements [20, 
21], and military regulations [22, 23] are almost universal in defining the body core 
temperature of heat stroke (whether CHS or EHS) as >40 °C. Interestingly, fever 
during an infectious illness can also cause body core temperature to exceed 40 °C, 
but does not always invoke the same warnings as heat stroke. Perhaps this is due to 
regulated (fever) vs. unregulated (hyperthermia) increases in body core tempera-
ture being mediated by opposing thermoregulatory and cardiovascular adjustments 
such that fever is tolerated (in most cases) whereas severe hyperthermia is not 
(Fig. 5.1).

Table 5.3 Individual and environmental risk factors for exertional heat illness

Congenital Functional Acquired
Individual
Anhidrosis
Ectodermal dysplasia

Low physical fitness
Low work efficiency for task
High body mass index (BMI)
Lack of heat acclimatization

Dehydration
Sleep deprivation
Infection
Prior heat illness
Febrile illness
Burn graft
Miliaria rubra/sunburn
Alcohol use
Supplement use
Medication

Environmental
High ambient temperature/wet bulb globe temperature (WBGT)
Previous day heat stress
High humidity
Lack of air movement
Lack of access to air conditioning/cool respite
Lack of shelter or shade
Clothing

5 Common Misconceptions in Classic and Exertional Heat Stroke
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Because it has been reported that heat stroke victims collapse with a wide range 
of body core temperatures, it is now widely recognized that the absolute value is not 
a sensitive predictor of severity, and what could be considered extreme temperatures 
are survivable if active cooling is implemented rapidly and effectively. Furthermore, 
there are reports of highly trained athletes experiencing temperatures as high as 
~42 °C [4] with no adverse consequences, which is thought to be due to the protec-
tive effect of training and acclimation. These examples highlight the complicated 
nature of heat stroke and indicate that the pathology is not just a consequence of 
high body core temperature but is due to multiple interacting factors that include 

a Hyperthermia
(heat stress, physical work)

c Hypothermia
(cold stress, anesthesia)

d Regulated Hypothermia
(dehydration, hypoxia)

b Fever
(infection, psychological stress)

Tcore

Tcore

Tcore

POAH Tset

POAH Tset

Tcore

POAH Tset

POAH Tset

load error
S>0

load error
S<0

load error
S>0

load error
S<0

load error
S>0

load error
S<0

S=0

S=0

Heat Production
/ Heat Gain

Heat Production

Heat Loss

Heat Loss

Heat Production

Heat Loss

Heat Loss

Heat Production

Fig. 5.1 Diagrammatic representation of unregulated (left side) and regulated (right side) body 
core temperature (Tcore) and set point temperature (Tset) changes in response to environmental stim-
uli. (a) Hyperthermia is an increase in Tcore that occurs independent of a change in Tset as heat gain 
(heat stress) and heat production (physical exertion) are increased. (b) Fever is a regulated increase 
in Tcore in response to an upward setting of Tset. (c) Hypothermia is the mirror image of hyperther-
mia, whereas (d) regulated hypothermia is the mirror image of fever
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tissue ischemia/reperfusion injury, a systemic inflammatory response syndrome 
(SIRS), coagulation, and other physiological disturbances.

There are a multitude of factors that may be responsible for the wide range of 
body core temperature values associated with heat stroke. While it is tempting to 
rank risk factors according to the magnitude of impact on the heat stress response, 
the difficulty is that many exist concurrently and in unique combinations that are not 
always predictable, recognizable (i.e., subclinical infection), or universally present 
in a population under observation. Physical effort unmatched to physical fitness was 
identified as a significant risk factor for EHS [24]. In many instances, EHS occurs 
within the first 2 h of exertion and not necessarily at high ambient temperatures. 
Additional risk factors may include, but are not limited to, circadian rhythmicity, 
site of body temperature measurement, different times of clinical presentation, pres-
ence of pre-existing or concurrent illness, heat acclimatization state, physical fit-
ness, type of physical activity, clothing ensemble, as well as a number of 
environmental factors (e.g., solar load, relative humidity; for a thorough review on 
the topic, see Leon and Bouchama [19]).

The ideal site for the measurement of body core temperature should be conve-
nient, unbiased by the environmental conditions and reflective of small changes in 
arterial blood temperature. Temperature within a deep body region will vary due to 
different metabolic rates of surrounding tissues, local blood flow changes, and tem-
perature gradients between adjacent tissues. Skin temperature is the most accessible 
measurement, but is influenced by changes in blood flow, sweat secretion, environ-
mental effects on heat exchange mechanisms (i.e., evaporative cooling and radia-
tion), or inaccurate measurements such as occurs with a loss of contact with the skin 
surface [25]. Esophageal temperature is considered the most accurate noninvasive 
measure of body core temperature in humans because it is rapidly responsive to 
changes in blood temperature. Unfortunately, this method is not feasible in unre-
sponsive or combative heat stroke patients so other methods must be relied upon 
under these conditions; because of this limitation, rectal temperature is considered 
the gold standard for the measurement of body core temperature in heat stroke 
patients. The only considerations are that rectal temperature will be slightly lower 
than esophageal temperature because it responds more slowly to transient changes 
in core temperature, which could result in an underestimation of the response. 
Interestingly, rectal temperature tends to be ~0.8 °C lower than esophageal tempera-
ture even during cooling interventions [26]. There is also the procedural caution that 
perforation of the rectum can occur in those individuals who are not trained in the 
use of rectal probes. For this reason, many rely on tympanic auditory canal tempera-
tures, which are simple to obtain, but are biased by head skin temperature and pro-
vide values that may be higher or lower than steady-state rectal and esophageal 
temperatures [27, 28].

One of the more intriguing aspects of heat stroke is the remarkable inter- 
individual (i.e., within a species or strain) variability of the hyperthermic response 
that is observed during heat exposure. Large inter-individual variability is readily 
apparent in animal models, despite the absence of pre-existing risk factors (e.g., 
specific pathogen free or disease free) or their genetic similarity as many are several 
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generations inbred [29–36]. Despite controlling for immune health, genetic diver-
sity, environmental temperature, humidity and lighting, feed and water intake, body 
weight and age, there still exists quite wide variability in the maximum body core 
temperature that is associated with CHS or EHS collapse [20–22, 28]. This has been 
shown for a number of species including cats, guinea pigs, mice, rats, and salaman-
ders (for a review, see Leon [38]). These findings suggest an inherent variability in 
how organisms respond to environmental heat stress on any given day, which is 
difficult if not nearly impossible to predict or define. Basically, something is just 
different for that organism, whether animal or human, on that particular day relative 
to other individuals with the same exposure or the same physiological and genetic 
make-up. It is conceivable that we will never be able to precisely elucidate what 
those factors are, or when they might arise, but can be sure that reliance on a specific 
body core temperature value is not the panacea for heat stroke prevention that we 
wish it to be.

5.2.2  Misconception #2: Heat Stroke Causes a “Failure” 
of Thermoregulatory Control Due to Hypothalamic Injury

Hyperthermia is the body core temperature disturbance that occurs during heat 
exposure, whereas hypothermia and/or recurrent hyperthermia (also referred to as 
rebound fever) are often observed during recovery. In humans, hypothermia is typi-
cally a direct response to active cooling that represents a rapidly correctable under-
shoot of body core temperature (e.g., <37 °C). This rebound hypothermia is typically 
regarded as an adverse response, but there is speculation that a mild hypothermia 
(~32–34 °C) could provide protection against tissue injury as has been shown with 
cardiopulmonary bypass and other conditions [4, 39]. This rationale has resulted in 
the suggested practice of inducing hypothermia in the most serious EHS cases as a 
treatment strategy to protect against liver failure (personal communication to LR 
Leon). A protective effect of hypothermia has been demonstrated by small rodents 
that develop protracted (several hours) regulated hypothermia (<35 °C and often as 
low as 30 °C) when left to passively cool in a temperate environment. If rodents are 
prevented from developing this response, CHS mortality is significantly increased 
[29]. During the recovery period, a fever-like response (≥24 h after collapse) may 
also be observed, which is typically transient in nature, but can be associated with 
poor outcome in humans [29, 40].

All of the body core temperature disturbances described above have been tradi-
tionally regarded, and are still mentioned today, as a reflection of heat-induced 
injury to the preoptic anterior hypothalamic (POAH) region of the brain, which 
many consider the main CNS site for temperature regulation. In particular, this 
hypothesis suggests that prolonged heat exposure causes POAH injury that results 
in a “failure” of thermoregulatory control that manifests as severe hyperthermia 
during heat exposure as well as hypothermia and/or recurrent fever during heat 
stroke recovery. We contend that severe hyperthermia during heat exposure is a 
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consequence of failure of the cardiovascular system to support competing blood 
flow demands to the skin, organs, and skeletal muscle such that heat dissipation can-
not keep up with heat gain and heat production. On the other hand, a recent report 
in rats showed glutamine and monoamine imbalances that correlated with neuro- 
inflammation in the hypothalamus at the point of collapse with severe CHS [41]. 
These imbalances may account for transient POAH “dysfunction” that explains the 
development of hypothermia during the immediate recovery period (e.g., during 
active or passive cooling). For example, behavioral analysis of severe CHS mice in 
a temperature gradient indicated that the thermoregulatory feedback loop was 
altered in some way following collapse—either due to a breakdown of the afferent 
(sensory) relay of information or inability of the POAH to integrate the sensory 
information to make corrective effector actions as highlighted in Fig. 5.2 [42].

We are not aware of any permanent disturbances in thermoregulation of severe 
CHS or EHS patients or animal models that would suggest irreversible thermal 
injury to the POAH. Furthermore, there are no clinical or experimental data that 
show injury to the POAH to account for more protracted hypothermia or rebound 
fever episodes during the days or weeks of recovery. Malamud et al. [43] pro-
vided the most striking clinical data from 125 fatal military EHS cases that 
exhibited no damage to the POAH despite extensive damage to other CNS 
regions. In fact, there were several noteworthy observations from this study: 
First, EHS in these patients was defined as CNS dysfunction with body core 
temperature >41.1 °C, rather than the current definition of >40 °C; second, body 
core temperature at the time of hospital admission ranged from 36.1 °C, presum-
ably due to active cooling, to 43.9  °C; third, shock rather than the degree of 
hyperthermia was the best prognostic index; fourth, rises in body core tempera-
ture following active cooling (ice packs, etc.) were interpreted as a persistent 
disturbance in thermoregulation; yet, the lack of demonstrable damage (in the 
hypothalamus) in these patients differed from injury in other portions of the 
brain. The emergence of sensitive imaging technologies has provided more 
detailed examination of the CNS abnormalities experienced by EHS patients but 
has also failed to detect damage to the hypothalamus despite detectable, and in 
some cases, quite severe injury to the cortex, thalami, paraventricular nucleus, 
cerebellum, and third ventricle [44, 45].

While the hypothalamus may not be grossly damaged, investigators have shown 
increases in pyknotic neurons along with significant elevation in inflammatory 
mediators such as NF-κB, interleukin (IL)-1β, cyclooxygenase (COX)2, and glial 
fibrillary acidic protein (GFAP) following severe heat stress [41]. Similarly, there is 
a body of literature that contends heat stroke is due to damage caused by brain isch-
emia, inflammation, and neuronal damage [36, 37]. While inflammatory markers 
are increased following heat stress, it is still unknown if this is the cause of tempera-
ture dysregulation at the time of collapse. Obtaining these data in human popula-
tions will prove to be challenging, as heat stroke is unpredictable and collecting data 
at the point of collapse especially in an area such as the hypothalamus is difficult, if 
not impossible.

5 Common Misconceptions in Classic and Exertional Heat Stroke
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5.2.3  Misconception #3: Hyperthermia During Heat Exposure  
Is a Fever Response to Endotoxin Leakage from the Gut  
and/or Leakage of Intramuscular Content

One of the major misconceptions regarding CHS or EHS is that endotoxemia, or the 
presence of endotoxin in the circulation, is a universal phenomenon observed in all 
animal models and patients. This misconception was based on early reports that 
showed reductions in splanchnic blood flow at temperatures as low as 40 °C [46], 
which falls in line with the definition of heat stroke. As blood flow is diverted from 
the splanchnic circulation to the skin for heat dissipation, gut epithelial membranes 
experience nitrosative and oxidative stress that degrades tight junction integrity to 
facilitate endotoxin leakage into the portal circulation. Whereas the liver reticuloen-
dothelial system normally clears endotoxin, under severe CHS or EHS conditions, 
heat-induced dysfunction or injury to the liver may compromise the ability to per-
form this function. It is under these severe conditions, often associated with liver 
failure, that endotoxemia has been observed. For example, a young football player 
who collapsed and died from EHS presented with significant endotoxemia as well 
as hemorrhagic liver necrosis and body core temperature of 40.6 °C [47]. Similarly, 
circulating endotoxin showed a precipitous increase in primates under CHS condi-
tions once body core temperatures exceeded the fatal level of 43.0 °C [48]. Liver 
injury was not assessed in this study, but is typically detectable at body core tem-
peratures ranging from ~ 42 to 43 °C [49–51]. Endotoxin neutralization studies in 
dogs, rabbits, and rats have shown a protective effect of antibiotics and endotoxin 
tolerance against heat stroke mortality, but once again these were lethal models with 
temperatures at or above the threshold where liver injury would be expected [48, 52, 
53]. In contrast to these studies, a mouse CHS model that induced body core tem-
perature as high as 42.7 °C did not correlate with detectable levels of circulating 
endotoxin despite significant gut histological injury [29, 37]. This was mostly likely 
due to a lack of liver injury, once again supporting the hypothesis that dysfunction 
of this organ is a primary mechanism for endotoxemia. Similarly, Chung et al. [54] 
failed to show increased endotoxin in former heat stroke patients who were subse-
quently exposed to a 60-min heat stress that only caused body core temperature to 
increase to <39.5 °C.

We propose three alternative interpretations for the role of endotoxin in the heat 
stroke response. First, endotoxemia is not a universal phenomenon and is manifest 
under the most severe, typically chronic exposure conditions that lead to organ 
(primarily liver) failure. As mentioned above, this has been shown in several ani-
mal models and patients, although it does conflict with several recent reports show-
ing a correlation between indirect biomarkers of gut leakage (namely, intestinal 
fatty-acid binding protein, or I-FABP) with endotoxin-like symptoms with exercise 
heat-stress or EHS [30]. However, caution is warranted in the interpretation of 
these findings due to the potential lack of sensitivity and specificity of I-FABP (or 
other biomarkers) as measures of endotoxin leakage and reliance on correlation 
studies that do not equate to causality. Second, we do not believe that endotoxin 
leakage is a major contributor to hyperthermia during heat exposure under most 
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conditions (i.e., lack of pre-existing conditions or significant organ injury). That is, 
there is little evidence to support the contention that endotoxin leakage during heat 
exposure is inducing an increase in the POAH temperature set point for fever 
development. This is based on a number of studies that have failed to show a con-
sistent effect of non-steroidal anti- inflammatory drugs (NSAIDs, i.e., fever inhibi-
tors) on the hyperthermic response during heat exposure. NSAIDs are a class of 
over-the-counter and prescription drugs that are the most widely prescribed world-
wide. NSAIDs efficacy for improved heat tolerance (during heat exposure) has 
been examined in animal models and men working in hot environments with con-
tradictory results. In animal models, indomethacin (a prescription NSAID) or 
sodium salicylate (aspirin) improved heat tolerance by inducing a lower rate of 
body core temperature rise, suggesting this was at least partially a true fever 
response [55, 56]. Prostaglandins (PGs), which are the main mediators of endo-
toxin-induced fever, have been shown to contribute to active cutaneous vasodila-
tion in humans suggesting their release via endotoxin stimulation in the heat could 
affect hyperthermia and heat tolerance [57, 58]. However, Jacobsen and Bass [59] 
failed to show an effect of a high chronic dose of sodium salicylate on skin tem-
perature or pulse rate of men walking in a hot environment, yet the hyperthermic 
response was potentiated (rather than inhibited) suggesting an alternative mecha-
nism for this response [59]. More recently, Audet et  al. [32] showed that indo-
methacin had no effect on the body core temperature response of mice during the 
development of CHS, but significantly increased mortality due to toxic effects on 
the gut mucosa that caused excessive hemorrhaging. Given that many athletes use 
NSAIDs as potential performance enhancing drugs, the advantage of this strategy 
for heat mitigation is questionable and the probability of gut injury is concerning. 
One can suppose that under conditions of NSAIDs usage with heat exposure, endo-
toxemia, fever, and gut and/or liver injury are likely consequences.

The third intriguing possibility is that extensive skeletal muscle damage (i.e. 
rhabdomyolysis) during exercise triggers a pyrogenic response similar to fever [60, 
61] leading to further increases in body core temperature and EHS—note that in this 
instance, exertional rhabdomyolysis is inducing a regulated increase in body core 
temperature that is distinct from the hyperthermia induced by heat stress or endo-
toxemia per se. Fever is caused by the release of endogenous pyrogens (e.g., IL-1β 
and IL-6, among others; reviewed in [62]) that leads to a subsequent rise in PGs. 
PGs, whether produced systemically or locally within the POAH, raise the thermo-
regulatory set point triggering multiple behavioral and autonomic responses to 
induce fever. Endogenous antipyretics such as arginine vasopressin, glucocorti-
coids, IL-10, and TNF-α are also released to modulate fever and prevent it from 
reaching dangerous levels [62, 63]. Conversely, hyperthermia due to exertion and 
heat stress occurs because the metabolic heat production of active skeletal muscles 
and the environmental source of heat surpasses the body’s capacity to exchange heat 
to the surroundings, thus driving an increase in body core temperature (Fig. 5.3).

Patients with exertional rhabdomyolysis often exhibit fever symptoms, which 
may be a consequence of skeletal muscle damage that induces a fever in the absence 
of environmental heat stress. That is, the pyrogenic response may be elicited directly 
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by cytokines released from inflammatory cells as well as skeletal muscle [64–66]. 
The stimulus for cytokine release by skeletal muscle may be an increased epineph-
rine and norepinephrine response [67, 68], triggered by exercise of sufficient inten-
sity, and/or via direct sarcolemma damage [69]. An alternative pathway for cytokine 
release from skeletal muscle may arise from the presence of endotoxin in the circu-
lation as mentioned earlier in this section. Endotoxemia has been observed in more 
chronic CHS, although not universally (see above) [70], and has been shown to lead 
to cytokine release (i.e., IL-6, IL-1β, IL-8) from inflammatory cells and other tis-
sues including skeletal muscle. Cytokines released into the circulation can trigger 
PG production via COX enzyme with PGE2 considered the main mediator of fever 
[61]. Evidence for exercise-induced muscle damage that induces a pyrogenic 
response is provided in studies that administered NSAIDs in exercising humans and 
rodents [61, 71, 72]. NSAIDs block COX activity and have been shown to halt the 
increase in body core temperature during exercise in temperate environments 
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suggesting that a component of the elevation in body core temperature may partly 
have a fever-like origin [61, 72]. On the other hand, the use of NSAIDs during expo-
sure to heat stress has been shown to enhance organ damage while having no effect 
on the rise in body core temperature (i.e., hyperthermia rather than fever) during 
heat exposure [32]. Another point worth highlighting is that pyrogenic cytokines are 
also observed in CHS [36], which suggests that tissues other than the skeletal mus-
cle, presumably inflammatory cells, are major players in this form of elevated body 
core temperature. Nevertheless, the extent by which the exercise-induced pyrogenic 
response is enhanced by skeletal muscle damage and thus contributes to hyperther-
mia leading to EHS is not yet known and warrants further investigation.

5.2.4  Misconception #4: Cytokines Are Adverse Mediators 
of the Systemic Inflammatory Response Syndrome

The severity of multi-organ dysfunction with EHS is thought to be a consequence of 
cytokines, such as IL-6, that induce a SIRS. IL-6 and TNF-α are typically regarded 
as pro-inflammatory (e.g., adverse) mediators of the SIRS due to studies that have 
demonstrated endotoxemia- or sepsis-like symptoms and initiation of the acute 
phase response following injection, as well as the correlation of high circulating 
levels with heat stroke severity in clinical and laboratory settings [47, 73, 74]. The 
misconception that cytokines are solely adverse mediators of the SIRS, and do not 
provide any protective advantage, is based almost exclusively on correlation studies 
that have shown high circulating concentrations (e.g., IL-1β, IL-6, TNF-α, IFN-γ) 
with morbidity and mortality, which is more evident in CHS than EHS [17, 70, 
75–80]. The most consistent observation has been the correlation of high circulating 
IL-6 levels with heat stroke death in primates and patients. IL-6 is typically elevated 
in 100% of CHS patients [75], levels tend to be highest in those who do not survive 
[75, 77, 79], and sustainment of high IL-6 levels during cooling in primates corre-
lated with heat stroke severity [17, 75]. Yet, there are two aspects of these studies 
that warrant caution in our interpretation of cytokines (IL-6 or others) in the heat 
stroke syndrome: First, the majority of the early CHS studies showed a (typically 
weak) correlation of high circulating cytokine levels with heat stroke symptoms, but 
failed to show a causal relationship between these responses. Whereas more recent 
animal studies have closed this gap and shown, with the use of exogenous cytokine 
treatment or gene knockout technology, that IL-6 and TNF have protective func-
tions that enhance performance in the heat and improve survival during recovery, 
respectively [81, 82]. As such, IL-6 and TNF-α, as well as other cytokines, appear 
to have both pro- and anti-inflammatory actions that depend on the cytokine milieu 
in which they function as well as the concentration that is achieved (likely) at the 
local, tissue level [38]. Second, the contribution of circulating soluble cytokine 
receptors on the actions of these proteins has virtually been ignored, despite early 
evidence of their potential protection for CHS survival. For example, CHS survivors 
had higher levels of soluble TNF receptors (sTNFRs; natural antagonists of TNF 
actions) than non-survivors, suggesting a detrimental effect of high TNF levels in 
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these patients [77]. Note that the binding of TNF to the sTNFR occurs only at high 
concentrations suggesting that the pro-inflammatory effects are concentration- 
dependent. The soluble IL-6R (sIL-6R) plays a different role in that it will integrate 
into cell membranes that do not contain the receptor to make them responsive to 
IL-6 via ubiquitously expressed glycoprotein 130 (GP130) receptor. The role of the 
sIL-6R in CHS pathophysiology has not been clearly delineated, but increased cir-
culating sIL-6R correlated with effective cooling in patients supporting a protective 
effect on outcome.

Clearly, additional research is needed to understand the complex nature of cyto-
kine actions in CHS and EHS. Not only are current misconceptions based primarily 
on correlation studies, but the differences in the etiology and time course of cyto-
kine responses between CHS and EHS suggest that these immune modulators may 
function differently with these two conditions. Perhaps the misunderstanding of 
cytokine actions in heat stroke is based on their known role with endotoxemia, 
which has always been considered the initiating stimulus for the SIRS.  As new 
research unfolds to further delineate the role of endotoxin and novel approaches 
continue to be employed to study cytokine actions, the interplay of these responses 
will become clearer.

5.2.5  Misconception #5: EHS, Exertional Rhabdomyolysis, 
and Malignant Hyperthermia Are Triggered by Similar 
Mechanisms of Calcium Dysregulation in the Skeletal 
Muscle

Controversy exists regarding the molecular events resulting in extensive sarco-
lemma damage leading to clinically relevant exertional rhabdomyolysis, mainly 
when it is associated with EHS, but these events seem to involve intracellular cal-
cium (Ca2+) dysregulation of some sort. For instance, exertional rhabdomyolysis is 
believed to share similarities with another myopathy known as malignant hyperther-
mia (MH) [8, 83, 84]. MH is a reaction triggered by anesthetic drugs (e.g., halo-
thane, enflurane, isoflurane, sevoflurane, desflurane) that causes sustained skeletal 
muscle contractions (in a positive feedback loop) that drive body core temperature 
toward heat stroke levels if not rapidly treated. The syndrome is associated with a 
mutation in the ryanodine 1 receptor (RyR1), which causes dysregulation in Ca2+ 
homeostasis, namely, increased Ca2+ influx in skeletal muscle. This influx of Ca2+ 
triggers skeletal muscle contractions resulting in metabolic heat production that can 
lead to severe whole-body hyperthermia. Presumably, this Ca2+ dysregulation due to 
mutation of the RyR1 receptor in the sarcoplasmic reticulum would be present in 
those at increased risk of EHS and exertional rhabdomyolysis and this would con-
veniently separate responders and non-responders in terms of susceptibility to these 
conditions [85, 86]. The majority of evidence for this relationship among MH, exer-
tional rhabdomyolysis, and EHS comes from case reports [87, 88]. For instance, 
Hopkins et al. reported a case where two men in the military service, who previ-
ously experienced EHS episodes, tested as MH susceptible after their skeletal 
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muscle samples were submitted to an in vitro contracture test (IVCT) in response to 
caffeine and halothane challenges. The authors concluded that abnormalities seen in 
both EHS and MH were similar, but not identical [88]. Tobin et al. [87] suggested 
an association between MH and EHS with a case report of a 12-year-old boy who 
displayed signs of MH during surgery for a humerus fracture. Eight months later, 
the boy displayed signs and symptoms of EHS after a football match-play at an 
ambient temperature of 26 °C. Body core temperature at the time of arrival at the 
hospital was >42.2 °C. Postmortem analysis of the DNA from the patient, and their 
parents, revealed mutations of the RyR1 gene [87]. Wrappler et  al. observed an 
association between exertional rhabdomyolysis and MH by performing IVCT in 
patients with previous history of exertional rhabdomyolysis. Ten out of 12 subjects 
with previous episodes of exertional rhabdomyolysis were classified as 
MH-susceptible [84]. Even though these studies indicate a possible association 
among EHS, exertional rhabdomyolysis, and MH, the sample size was too small to 
establish causality. More recently, a study explored the link between EHS and MH 
in a larger cohort of subjects [12]. Skeletal muscle samples were collected from 
military personnel who previously experienced EHS and submitted the skeletal 
muscle samples to an IVCT. Authors observed a high prevalence of MH susceptibil-
ity in those who experienced EHS previously, presumably indicating that Ca2+ dys-
regulation is part of the EHS syndrome. Indeed, there is no direct evidence of Ca2+ 
dysregulation in EHS, at least when exertional rhabdomyolysis is absent. Even 
though exertional rhabdomyolysis could be part of the multi-organ dysfunction that 
often characterizes EHS, and perhaps those with a genetic mutation are at elevated 
risk of developing EHS and exertional rhabdomyolysis, there are several aspects of 
exertional rhabdomyolysis and EHS that are incongruent with the conclusion that 
these syndromes share similar mechanisms related to RyR1 myopathy such as 
MH. In summary, MH, exertional rhabdomyolysis, and EHS may display a common 
feature of loss of intracellular Ca2+ control (although yet to be demonstrated with 
EHS), it is unlikely that they share a single common genetic predisposition. As 
pointed out later in this chapter, there are other features of both EHS and exertional 
rhabdomyolysis that can trigger intracellular Ca2+ dysregulation and are indepen-
dent of a MH genotype (Fig. 5.4).

EHS involves a physiological crisis characterized by increased energy demand, 
whole-body hyperthermia, and often sweat-induced dehydration, all of which can 
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potentially result in exertional rhabdomyolysis, as highlighted in Fig. 5.3, and other 
stress responses such as reactive oxygen species formation as reviewed by King 
et  al. [89]. The misconceptions concerning EHS-related rhabdomyolysis revolve 
around the extent by which each of these factors contributes to the exertional rhab-
domyolysis syndrome in those experiencing EHS. A potential alternative mecha-
nism involved in exertional rhabdomyolysis and EHS is the fact that hyperthermia 
decreases muscle blood flow due to a competition for the available cardiac output 
between skin, for thermoregulation, and active muscles, which can make skeletal 
muscles ischemic during exercise [90]. A reduction in O2 delivery decreases ATP 
turnover in muscle—despite a reported compensatory increase in O2 extraction in 
hyperthermia [91]—which can presumably increase intramuscular Ca2+ content due 
to an inability to actively transport Ca2+ back to the endoplasmic reticulum. Increased 
intramuscular Ca2+ leads to the activation of proteolytic enzymes (i.e., caspases) that 
contribute to skeletal muscle breakdown seen in exertional rhabdomyolysis.

5.3  Conclusion

We have focused on the five most common misconceptions regarding heat stroke 
that arise from a combination of lack of evidence, the misinterpretation of inconclu-
sive studies, and reliance on other conditions with similar pathophysiology as CHS 
or EHS. There are extensive data in the literature indicating that the body core tem-
perature response to heat exposure varies widely and is not a sensitive predictor of 
CHS or EHS. Due to a variety of different thermoregulatory disturbances at the time 
of collapse, or during the early periods of recovery, heat stroke has been thought to 
cause injury to the POAH, which is considered the main thermoregulatory center of 
the brain. This misconception persists despite autopsy of 125 military EHS patients 
who showed that the POAH was the one region of the brain that did not experience 
overt injury. It is possible that the technique used to examine injury at that time was 
not advanced to detect subtle changes, yet more sophisticated imaging techniques 
continue to support those original findings from over 70 years ago. Why the miscon-
ception that the POAH is damaged continues to persist today remains a mystery. 
Cytokine release in response to endotoxemia has been purported by many authors 
(including those of this chapter) to be key stimulators of the SIRS with heat stroke. 
However, perhaps the error on our part has been to present that hypothesis as a uni-
versal finding, whereas data are showing that endotoxemia is not a universal finding 
and cytokines can be both pro- and anti-inflammatory in their actions. Finally, even 
though extensive rhabdomyolysis is part of the EHS syndrome, there is no evidence 
that intramuscular content leakage leads to a pyrogenic response that contributes to 
EHS. Furthermore, EHS, exertional rhabdomyolysis, and MH do not share a single 
mutation (i.e., RyR1 receptor), even though calcium dysregulation may be present 
in each syndrome. The take home message from this summary of misconceptions is 
that heat stroke is a complex condition with multiple, overlapping etiologies and 
mechanisms that are not readily understood and continue to perplex physicians and 
researchers in terms of the most effective prevention (beyond cooling) and 
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treatment strategies. While initially disappointing to realize, we view this as an 
exciting opportunity to explore new methodologies and approaches to solve this 
mystery once and for all!

Disclaimers The opinions or assertions contained herein are the private views of 
the authors and are not to be construed as official or as reflecting the views of the 
Army or the Department of Defense. Any citations of commercial organizations and 
trade names in this report do not constitute an official Department of the Army 
endorsement of approval of the products or services of these organizations.
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6.1  Introduction

During most types of exercise, the evaporation of sweat plays a substantial role in 
the dissipation of excess heat produced by the working muscle or absorbed from 
the environment (see Chap. 2). Although this activity is a foundation of the ther-
moregulatory response to exercise, its side-effect is to reduce body water stores. 
Athletes and other people who exercise can counter sweat losses by consuming 
fluid during the session or, in a lesser contribution, by hyperhydrating prior to the 
exercise bout. However, in the majority of situations, the opportunity or desire to 
drink cannot keep pace with sweat losses, leading to a body fluid deficit. 
Furthermore, some athletes may commence the session with pre-existing hypohy-
dration, due to the failure to replace daily environmental sweat losses and/or 
reverse the fluid deficit from a prior exercise bout. The goal of this chapter is to 
summarise the current status of our knowledge around hydration and exercise, 
with a focus on practical strategies to assess and address fluid deficits associated 
with exercise. Consideration of hydration and sport requires additional context, 
since it must address the real-world significance of the effects of hypohydration 
on performance as well as the effect of the rules and logistics of organised events/
activities on the practicality of fluid intake.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-93515-7_6&domain=pdf
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6.2  Terminology and Physiology  
of Hypohydration/Dehydration

In brief, the fluid content of the human body (total body water; TBW) typically 
fluctuates by ~1% of body mass (BM) each day, according to changes in the intake 
of water (food and fluids), metabolic water production and fluid loss (sweat, urine, 
faeces and respiratory fluid losses) [1, 2]. Figure 6.1 summarises the components 
involved in daily fluid balance in a sedentary individual, noting that the higher water 
losses of athletes can create a large imbalance unless water intake from fluids and 
foods is increased appropriately. Although exercise changes TBW balance by 
increasing metabolic water production and insensible losses via respiration, its prin-
ciple effect is to increase total sweat loss. The reduction of body fluids by 2% BM 
(~3% TBW) from levels of euhydration, to clear the threshold of daily biological 
variation [2], is termed “hypohydration”, and although the strict definition of “dehy-
dration” is the process of reaching a fluid deficit, these terms are often used 
interchangeably.

Consumption of fluid to (temporarily) increase TBW above the normal daily 
variation is termed hyperhydration. In the context of exercise, this strategy may be 
deliberately undertaken by athletes prior to events in which a large fluid deficit is 
expected to occur due to the inability to drink sufficient volumes of fluid in relation 
to large sweat losses. Here, the athlete may drink large amounts of fluids in the 
hours prior to the event, often in conjunction with an osmotically active agent such 
as glycerol or sodium, with the goal of producing a temporary increase in total body 
water to offset sweat losses and delay the progression of absolute hypohydration 
from becoming physiologically significant [3]. However, it may also occur 

Water in Water out

Water content of fluids: ~1200 ml*
(e.g. water, juice, tea/coffee, milk)

Water content of foods: ~1000 ml*
(e.g. fruit, vegetables, yoghurt,
soup)

Metabolic water production: ~300 ml
(e.g. glucose + O2 = CO2  + H2O)

Daily Fluid Balance in athletes (ml/day)

Urine: ~1500 ml*

Feces: ~100 ml

Insensible loss from lungs/breath:
~400 ml

Insensible loss from skin/
sweat loss:  ~500 ml*

Fig. 6.1 Daily water balance in an athlete. Figures are approximate and represent baseline values 
for a sedentary person. * An athlete’s sweat losses are likely to be substantially increased and must 
be balanced by greater intake of fluids, as well as greater intake of water from foods

L. M. Burke
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unintentionally during exercise if an athlete consumes fluid in excess of their actual 
sweat losses: this practice has been identified as an outcome of flawed fluid intake 
guidelines for sport (or, flawed understanding of these guidelines) and when carried 
out to extremes may lead to the serious consequences associated with water intoxi-
cation/hyponatremia [4].

6.2.1  Sweat Losses in Exercise and Sport

Sweat rates during exercise vary markedly according to the type and intensity of the 
activity, the environmental conditions in which it occurs (temperature, humidity, 
wind speed, altitude, etc.), the size and body composition of the athlete, their cloth-
ing or other protective gear and their degree of training status and acclimatisation 
[5–7]. Prediction equations have been established to estimate sweat losses associ-
ated with many of these variables [6]. Although these estimates are valuable in 
providing general advice around education guidelines or fluid provision to popula-
tions who exercise purposefully or within their daily occupation (e.g. the military or 
manual labourers) [6], it is acknowledged that they are generally unable to account 
for the complexity of the interaction of these factors in real life [7]. Measurements 
of sweat losses associated with various types of exercise and sporting pursuits show 
that the typical sweat rates of athletes can vary from 300 to 2000  L/h [8, 9]. 
Tables 6.1 and 6.2 summarise some of the published observations of fluid balance 
during competitive sports events, noting sweat rates, typical fluid intakes and the 
degree of BM loss (i.e. proxy for fluid mismatch) encountered during a variety of 
different types of activities.

6.2.2  Brief Summary of the Physiological Effects 
of Hypohydration

Dehydration causes loss of intracellular and extracellular (plasma and interstitial) 
fluid in proportion to the loss of water and solutes. Typically, sweat is hypotonic (i.e. 
lower in electrolyte concentration) with respect to plasma; therefore, exercise- 
associated sweat losses lead to a reduction in plasma volume and increase in its 
electrolyte concentration (principally, sodium) known as hypertonic hypovolemia. 
Meanwhile, hypohydration due to the use of some diuretics, or the diuresis associ-
ated with altitude and cold environments, produces an isotonic hypovolemia 
(for review, see [5]). The physiological effects of hypohydration on exercise have 
been best characterised during aerobic/submaximal exercise, particularly when per-
formed in the heat. It is noted that exercise in the heat creates a “relative hypohydra-
tion” of its own, due to the redistribution of blood flow to the skin to assist with heat 
dissipation [40, 41]. In combination, there is a significant increase in cardiovascular 
strain, with an elevation in heart rate to accommodate the reduction in stroke 

6 Hydration in Sport and Exercise
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volume [42]. Competition between peripheral and central circulation for the reduced 
plasma volume can lead to a decrease in muscle blood flow and aerobic reserve, and 
particularly as plasma osmolality increases, a reduced sweat rate for any given core 
temperature and an increase in heat storage (for review, see [40, 41, 43]). Increased 
rates of muscle glycogen usage, motor unit recruitment and afferent feedback, as 
well as elevations in skin temperature, discomfort and thirst-derived distraction are 
among the many factors associated with hypohydration, particularly when exercise 
is undertaken in a warm-hot environment [40, 41, 43]. Studies that have monitored 
the effect of hypohydration on physiological responses to exercise in the heat have 
noted that the magnitude of impairment is linearly related to the magnitude of the 
fluid deficit [42]. For a more detailed account of the effects of hypohydration on 
physiological characteristics during exercise, the reader is referred to recent com-
prehensive reviews [8, 40, 41, 43].

6.3  Assessment of Hydration Status

In the laboratory, various techniques such as the use of tracer-labelled water, bio-
electrical impedance and blood characteristics allow the tracking of TBW. In the 
real world of both research and athletic practice, however, there is a need for tech-
niques that are less expensive, invasive or resource/time heavy to gain information 
about an individual’s current hydration status as well as to monitor the fluid deficit 
that might occur during exercise and require replacement. The accuracy of any 
assessment technique involves the concept of sensitivity (identifying correctly 
when a state is present) and specificity (recording a negative outcome when the 
state is absent).

6.3.1  Assessing Current Hydration Status

In research, clinical practice or athlete servicing, there are various situations in 
which it is desirable to know an individual’s current hydration status. The require-
ment here is to identify changes in body fluid status that are greater than biological 
variability. The gold standard for measurement of TBW involves the isotope dilu-
tion method (usually deuterium oxide) which can measure changes in TBW of ~1% 
[44]. However, this is an expensive method requiring analytical resources and 
expertise; furthermore, it requires a baseline measurement in the individual to moni-
tor change rather than to identify an absolute cut-off deemed to represent hypohy-
dration. The measurement of plasma osmolality, which is controlled around a 
euhydration set-point of ~285 mOsm/kg, can also be used as a marker of hydration 
status, with a change of ~5 mOsm/kg equating to a fluid loss of ~2% BM [45]. 
However, this is an invasive technique, which again requires expense and laboratory 
resources, and may not always reflect changes in TBW in some scenarios faced by 
athletes (e.g. altitude). Bioelectrical impedance analysis (BIA) is a non-invasive 
technique that can be used to estimate TBW, on the basis that the resistance to low 
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amperage current (single or multiple frequencies) passed between skin electrodes 
varies inversely with tissue water and electrolyte content. Although it may provide 
a reliable measure of TBW in euhydrated individuals, it lacks sensitivity in measur-
ing loss of TBW and shifts between body fluid compartments [46].

The simplest and most practical measurements of hydration status, particularly 
for field work, involve measurements of urine characteristics and alterations in 
BM. In the absence of energy deficits/surpluses and changes in diet that alter the 
mass of gut contents, acute monitoring of morning BM (after voiding) provides a 
simple measurement of success in maintaining TBW [47]. Changes in urinary con-
centration can be readily assessed via comparison to colour charts (Fig. 6.2) or by 
the use of portable refractometers and osmometers to measure specific gravity and 
osmolality, respectively [48]. Spot checks of urine characteristics over the day are 
liable to false negatives for various reasons. For example, if a dehydrated individual 
rapidly rehydrates or consumes large amounts of fluid without replacement of the 
solutes lost in sweat, diuresis of pale and dilute urine will occur until there is full 
replacement of electrolytes, with sufficient time for requilibration of plasma osmo-
lality and volume, and distribution of fluid across the various compartments [49]. 
Therefore, it is recommended that first void morning urine samples be used for 
assessment of hydration status [1, 48], particularly for serial assessments in the 
same individual over time, where an individual “normal” can be established. 
Investigation of the utility of monitoring other body fluids such as saliva or tears has 
so far failed to produce alternatives that are accurate and free of artefacts [1, 2]. 

Thirst

Morning Urine
Characteristics

Changes in
body mass

VERY
LIKELY

Likely

Likely
Likely

Unlikely:
not thirsty

Unlikely:
Colour < 4 on chart
Specific gravity < 1.020
Osmolarity < 700

Unlikely:
BM stable to
within 1% 

Euhydration

Hypohydration

Urine colour chart

1

2

3

4

5

6

7

8

BM change > 1%
Thirst 

Urine characteristics
over cutoff values

Thirst      

Urine and BM
over cutoff

values 

All features

Urine Specific
Gravity 

Urine osmolality
(mOsm/kg) 

Interpretation

1.001-1.010 >350 Well hydrated/hyper-hydrated

1.011-1.020 350-700 Euhydrated

1.021-1.030 700-1050 Hypohydrated

>1.031 >1050 Severely hypohydrated

Severe
hypohydration 

Fig. 6.2 An assessment of fluid balance can be made by examining thirst, characteristics of the 
first voided morning urine sample and changes in morning body mass (BM). If two or more of the 
characteristics fall outside the levels associated with euhydration, there is a likely risk of hypohy-
dration. Adapted from [50, 51]. Note that cut-offs in the reference ranges for euhydration and 
hypohydration may differ slightly between different expert groups
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Finally, given the opportunity for each assessment technique to be confounded by 
artefacts or lack of precision around the individual demarcation of euhydration vs 
hypohydration, it has been suggested that athletes develop their personal metrics 
around cut-offs or use a combination of techniques to provide a more robust diag-
nosis (see Fig. 6.2). Note that these strategies may affirm the presence of hypohy-
dration, but can provide only a qualitative assessment of the magnitude of the fluid 
deficit (e.g. what might be considered moderate/tolerable vs severe/problematic by 
the individual athlete or specific scenario) rather than precise determination (e.g. the 
fluid deficit is x mL). Indeed, although there have been many attempts to provide 
specific metrics to describe these situations (e.g. a fluid deficit equivalent to 2–3% 
BM might be considered “mild”, while severe equates to a fluid deficit of >5% BM), 
the context around these values requires greater consideration and interpretation. 
Further information on methods of hydration assessment can be found in recent 
publications [1, 2, 51].

6.3.2  Assessing Fluid Balance Across an Exercise Session

Athletes often want to assess fluid balance across an exercise session to gauge their 
typical sweat rates, the success of their usual fluid intake practices in addressing 
these and/or the residual fluid deficit that needs to be replaced during the recovery 
period. Typically, this is undertaken by monitoring changes in BM, adjusted for 
intake over the session, in the belief that, during short-medium duration exercise 
(2–3 h) at least, BM changes mirror changes in TBW. In such circumstances, calcu-
lations of sweat and TBW loss summarised in Table 6.3 can provide a reasonable 
assessment of relative fluid changes during the workout or event, since both the 
contribution of substrate depletion to BM changes and the provision of TBW from 
metabolic water production or liberation of water from glycogen are minor in com-
parison with sweat losses. It is noted that interpretations of fluid status from this 
information requires an acknowledgement of the athlete’s pre-existing hydration 
level (i.e. whether the apparent fluid change over the session needs to be adjusted 
for pre-exercise hyperhydration tactics or a carryover of a fluid deficit from previous 
exercise or weight-making strategies), as well as errors involved in weighing the 
trapped fluid in clothes and hair during pre- or post-exercise weigh in [52]. Studies 
show that the adjustment of calculations for urine losses, trapped sweat and intake 
during the exercise session can improve calculations of sweat losses [53]. In the 
case of very prolonged exercise sessions (>3–4 h) where metabolic water produc-
tion and liberation of water from glycogen become significant, and measurable 
amounts of body carbohydrate and fat stores contribute to substrate use, there is a 
need to adjust sweat rate and TBW calculations. For example, modelling of fluid 
characteristics of an ultra-endurance run lasting 24–30 h suggested that ~2–5% BM 
needed to be subtracted from BM changes to assess true change in TBW [54]. 
Despite the challenges, assessing fluid balance over typical exercise sessions with 
careful strategies and insights can help athletes to develop or monitor drinking prac-
tices that neither over- or under-hydrate inappropriately.

L. M. Burke



123

Table 6.3 Strategies to estimate fluid balance across a session of exercise

Steps 1.  Weigh athlete’s body mass (BM) before session, using reliable digital scales 
(ideally measuring to 0.01 kg). This should be done wearing minimal 
clothing and after the athlete has gone to the toilet

2.  Weigh athlete again after session in the same clothing, and after towelling 
dry

3.  Weigh athlete’s drink bottle before and after the session (ideally measuring 
to 1 g using kitchen scales) to calculate the volume (g/mL) of fluid 
consumed

4.  Note the mass (g) of any foods or sports products (e.g. gels) consumed 
during the session

Extra steps for 
further 
accuracy

5.  If the athlete has to go to the toilet during the session, weigh in before and 
after, or collect urine in a beaker to measure the volume/mass

6.  Estimate total urine losses during the session by having athlete weigh in 
post-session, go to the toilet, and reweigh (alternatively, collect urine in 
beaker and measure the volume). Add this to the volume/mass of urine 
produced at any mid-session toilet stops

Calculations Fluid intake (mL) = drink bottle before − drink bottle after (g)
705 g − 104 g = 601 g or 601 mL
Urine losses (mL) = change in BM due to toilet stops during and/or after the 
session: kg × 1000 or g
e.g. weight change: 60.25 − 60.00 = 0.25 kg = 250 mL or 251 g urine in beaker
Fluid deficit (mL) = Pre-session BM − Post-session BM (kg) × 1000.  
(Note: to measure total fluid deficit which includes sweat and urine losses,  
use post-session value taken after the toilet visit)
60.50 − 59.05 = 1.45 kg = 1450 mL
Fluid deficit (% BM) = (Fluid deficit [in kg] × 100)/pre-session BM (kg)
(1.45 × 100)/(60.50) = 2.4%
Total sweat losses over the session = Fluid deficit (g) + fluid intake (g) + food 
intake (g) − urine losses (g)
1450 + 601 + 40 g (sports gel) − 250 = 1841 mL
Sweat rate over the session = sweat losses converted to mL per h
Session lasted for 90 min: sweat rate = 1841 × 60/90 = 1227 mL or 1.23 L/h

Interpretation 
issues

While this activity can provide an estimate of the net fluid deficit incurred 
across a session of exercise, some issues should be considered
•  Pre-session hydration status needs to be taken into account to distinguish 

between relative and absolute fluid deficits. If the athlete has pre-existing 
hypohydration, the total fluid deficit is underestimated by these calculations. 
By contrast, if the athlete has hyper-hydrated prior to the session, the net 
fluid deficit will be overestimated

•  During prolonged exercise (>2–3 h) at high workloads, the contribution of 
other factors to TBW changes may no longer be insignificant. For example: 
failure to adjust for BM loss from depletion of fuels (e.g. glycogen), 
liberation of water from glycogen breakdown and metabolic water 
production may contribute to an overestimation of the true fluid loss. For 
ultra-endurance events of 4–24 h, estimates of the true fluid deficit might 
require an adjustment of 2–5% BM

•  Sources of error due to fluids trapped in clothes and hair should also be 
considered
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6.4  Effect of Dehydration on Performance

Despite more than five decades of research, the impact of hypohydration on the 
performance of exercise, or more specifically, sport, is a contentious topic [55, 
56]. Although the effects of hypohydration on physiological parameters are well 
established, there are a number of factors related both to the published literature 
on hydration and performance and observations of real-life outcomes of sporting 
events that create debate about the real impact of hypohydration on sports perfor-
mance. Clearly, the translation of physiological and psychological effects of 
hypohydration into changes in sports performance will be mediated by character-
istics such as the individual athlete, the type of event, the environmental condi-
tions in which it is conducted, the importance of absolute vs relative performance 
(i.e. does the athlete need to perform optimally or just better than other competi-
tors?) and whether the event was commenced with pre-existing hypohydration or 
whether it accumulated over the session. Several reviews have identified flaws in 
the conduct of laboratory- based studies of hydration and performance, including 
their lack of integration of the environmental conditions, motivational incentives 
and success determinants of real-life sport as well as their failure to capture the 
timing and magnitude of hypohydration to which athletes are commonly exposed 
[56, 57]. Some of the issues underpinning the debate around the application of 
the literature on hypohydration to sporting success are identified in Fig.  6.3. 
These include factors that support the hypothesis that performance is impaired 
by hypohydration, as well as factors that suggest that the effects of hypohydra-
tion are overstated.

Table 6.4 summarises the conclusions from a number of review papers which 
have conducted narrative and systematic reviews, including some meta-analyses, of 
the studies of hypohydration and exercise/sports performance. The summation of 
this literature shows some discrepancies, but also the likelihood that hypohydration 
impairs performance to a degree that is meaningful to competitive success in certain 
scenarios. This risk is greatest for aerobic exercise undertaken in hot conditions and 
when skin temperature is raised, when the fluid deficit exceeds 3% BM and perhaps, 
when there is an overlay of skill and cognitive performance [59–63]. Of course, it 
should be noted that amalgamation of data may mask the frailties of individual stud-
ies, particularly those conducted without insight into the specific conditions of real- 
life sport, and that athletes should be more interested in understanding the risks 
associated with their individual scenarios rather than seeking a universal truth. Data 
on fluid balance characteristics measured across a range of competitive sporting 
events (Tables 6.1 and 6.2) show that both groups and individual athletes commonly 
achieve a BM deficit of >2% within their activities, and although measurements of 
elite competitors are relatively scarce, it is likely that they are at greater risk of 
exposure to levels of hypohydration that have been associated with a performance 
decrement.

There is a need for new research on hypohydration and sports performance with 
protocols that reflect the conditions under which hypohydration occurs and measure 
the impact on performance in ways that are meaningful to competition outcomes. 
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One theme of interest is the removal of an important confounder of the hydration 
literature: removal of the placebo effect of fluid intake during exercise and/or the 
blinding of study participants to alterations in their hydration status during perfor-
mance trials. This challenge was tackled in a study of recreational athletes who 
cycled in hot conditions [64], by utilising a protocol involving oral intake of small 
amounts of fluid to provide identical sensory exposure in each trial while manipulat-
ing hydration via the infusion of different volumes of fluid intake into the stomach 
with a nasogastric tube. The hypohydration trial in this investigation achieved a 
mean BM loss of 2.4% at the end of 155  min of intermittent cycling 
(8 × 15 min + 5 min rest) compared with 0.1% in the euhydration trial. This protocol 
achieved an increase in heart rate, perceived effort and thirst, and a hypertonic 

Table 6.4 Reviews of hypohydration and exercise/sports performance from the recent decade

Review Topic Method Key conclusions
Nuccio 
et al. [59]

Effect of 
hypohydration 
on cognitive, 
technical and 
physical 
performance in 
team sports

Systematic narrative review of 
lab/field studies of high- 
intensity intermittent exercise 
involving team athletes as 
participants, examining effects 
of hypohydration on cognitive 
performance and technical 
skill (n = 17) and/or physical 
performance (sprinting, 
jumping, etc.) [n = 15] with 
defined criteria for acceptance 
into analysis

•  The effect of hypohydration 
on team sport performance is 
mixed

•  Hypohydration is more likely 
to impair cognition, technical 
skill and physical 
performance at higher levels 
of BM loss (>3% BM), 
especially when heat stress is 
involved

•  Increased ratings of perceived 
effort and fatigue consistently 
accompany hypohydration 
and could explain some of 
the performance impairment

Savoie 
et al. [60]

Effect of 
hypohydration 
on muscle 
endurance, 
strength, 
anaerobic power 
and capacity, 
and vertical 
jumping ability

Systematic review and 
meta-analysis of lab studies 
(n = 28) of controlled and 
single efforts involving 
muscle strength (upper 
body = 14 effects, and lower 
body = 25 effects), endurance 
(n = 6 and 10), anaerobic 
power and capacity (n = 9), 
and vertical jumping ability 
(n = 12) with defined criteria 
for acceptance into analysis

•  Hypohydration significantly 
impairs muscular endurance 
in both upper and lower body 
by ~8%

•  Hypohydration significantly 
impairs muscular strength by 
~5% with similar effects on 
upper and lower body

•  Anaerobic power is 
significantly reduced (~6%) 
by hypohydration but effects 
on anaerobic capacity (-3%) 
and vertical jump (+1%) are 
not significant

•  Trained individuals 
demonstrate a 3% lower 
decrease in effects on 
performance than untrained 
subjects

L. M. Burke
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Table 6.4 (continued)

Review Topic Method Key conclusions
Cheuvront 
and 
Kenefick 
[61]

Effect of 
hypohydration 
on endurance 
and strength/
power exercise

Narrative review of lab/field 
studies of hypohydration on 
endurance (n = 34 with 60 
effects) and strength (n = 43 
studies with 267 effects) with 
defined criteria for acceptance 
into analysis
Review counted how many 
effects recorded an 
impairment of performance/
exercise capacity with 
different levels of 
hypohydration (see Fig. 6.4)

•  Among studies of endurance 
exercise, 41/60 (68%) effects 
were significantly impaired 
by hypohydration of ≥2% 
BM, rising to 53/60 (88%) if 
absolute impairment 
(including non-significant 
changes) was considered

•  The effects are increased in 
hot environments, and when 
skin temperature is increased

•  Among studies of strength/
power exercise, 54/276 (20%) 
reported significant 
impairment of effects, 
showing that the effect of 
hypohydration on strength or 
power are marginal

•  Effects on cognition appear 
to be small and related to 
distraction or discomfort

•  The effect of hypohydration 
on a particular sport related 
to the makeup of the task 
involved

Goulet 
[62]

Effect of 
hypohydration 
on endurance 
performance

Systematic review and 
meta-analysis of lab studies 
(n = 15, with 28 effects) with 
defined criteria for acceptance 
into analysis

•  Hypohydration of >2% BM 
did not alter time trial 
performance (mean change of 
+0.1%); it is unlikely that 
hypohydration <4% BM 
impairs performance under 
real-world conditions

•  Hypohydration of >2% 
significantly impaired 
performance of fixed 
intensity protocols by 1.9%; 
hypohydration is associated 
with an impairment of 
endurance capacity

Judelson 
et al. [63]

Effect of 
hypohydration 
on strength, 
power and 
high-intensity 
exercise

Narrative review of lab studies 
of hypohydration on muscle 
power, strength and high- 
intensity exercise (>2 min and 
<10 min) noting those with 
exacerbating and masking 
factors, and emphasising 11 
studies determined as being 
accurate in isolating effect of 
hypohydration on exercise

•  Hypohydration appears to 
consistently attenuate 
strength by ~2%, power by 
~3% and high-intensity 
endurance by ~10%

6 Hydration in Sport and Exercise
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hypovolemia in the hypohydration trial, as would be expected from a real-life trial. 
Performance (work achieved during a 15-min time trial at the end of this pre-load) 
was reduced by 8% in the hypohydration trial. The authors acknowledge that two 
previous studies [65, 66], using similar protocols around gastric infusion of fluids to 
blind hydration status, recorded contradictory outcomes, failing to detect an impair-
ment of performance in the hypohydration trials. However, the protocols used in 
these studies (no oral intake and delivery of isotonic fluid to the gut) failed to mimic 
the differential physiological and perceptual effects consistent with real-life hypo-
hydration and adequate fluid intake.

A further investigation from a different laboratory implemented the same pro-
tocol in a more highly trained population, who cycled for 2 h before undertaking 
a 5-km time trial on a 4% grade on a laboratory ergometer in hot conditions [67]. 
Conditions just before the start of the time trial were a mean BM loss of −0.2 and 
−2.2% in the euhydrated and hypohydrated trials, respectively. Heart rates were 
elevated during the steady state pre-load with the hypohydrated condition but 
were identical during the time trial ride although performance was improved in 
the euhydration trial (32.9 s faster, 6% increase in power output). Rectal tem-
peratures were elevated during the hypohydration time trial above the control 
condition, although thirst sensation was identical between trials suggesting that 
impairment of performance via hypohydration can occur independently of thirst. 
Further research of this type which eliminates the effects of expectation on per-
formance outcomes associated with hypohydration, and differentiates thirst per-
ception from physiological effects such as thermoregulatory and cardiac strain is 
encouraged.
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studies) and strength/power performance (43 studies) [61]. The studies are arranged according to 
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6.5  Guidelines for Fluid Intake During Sport and Exercise

The past five decades have also seen a marked evolution of guidelines for fluid 
intake during sport and exercise and the range of issues address within them. Several 
critical events and position stands are described in brief summary. The first guide-
lines were issued in the 1970s and were directed to distance running events, address-
ing both the restrictions on fluid intake within official race rules (fluid intake was 
restricted prior to 15 km and then 11 km in road races, under the direction of the 
International Amateur Athletic Federation) as well as the culture of runners to con-
sider fluid intake during marathons and ultra-marathons to be detrimental and a sign 
of weakness/lack of fitness [68]. These guidelines, within a larger paper on preven-
tion of heat injuries during distance running, recommended that water or dilute 
glucose/electrolyte solutions be provided regularly in events longer than 16  km 
[69]. The 1996 publication of specific guidelines for fluid intake during exercise by 
the American College of Sports Medicine (ACSM) also largely focused on running 
and promoted pro-active and formulaic intake of fluid with the goal of minimising 
the mismatch between fluid intake and sweat losses [70].

During the following decade, there was increased recognition of the syndrome of 
hyponatremia/water intoxication caused by the excessive intake of fluids by some 
(usually recreational) participants in endurance/ultra-endurance sports activities 
resulting in a small but concerning number of cases of morbidity and mortality from 
cerebral oedema [15, 71, 72]. Hyponatremia, which is diagnosed by measurement 
of plasma sodium concentrations, ranges from a mild drop below the normal range 
(e.g. <135  mmol/L) which may be largely asymptomatic to the severe drop 
(<120 mmol/L) which is associated with major problems [4]. The 2007 update of 
the ACSM guidelines [8] was undertaken to address this issue and reduce any mis-
understanding that its previous iteration encouraged athletes/recreational exercisers 
to “drink as much as possible” during exercise. The revised position promoted the 
development of individualised fluid intake plans (“programmed drinking”) across a 
range of sporting activities, with the goal of defending (where possible) a “gold 
standard” of hydration (suggested as loss of <2% BM over the event) but warning 
against over-drinking (shown by a gain in BM) [8].

Despite this clarification, the ACSM position stand has attracted harsh criticism 
and counterarguments that humans need only drink fluids “to thirst” or “ad libitum” 
during exercise/sporting activities. Furthermore, it has been postulated that opinions 
to the contrary represent flawed research supported by biased sports scientists and 
commercial interest in the sale of sports drinks [73–75]. Other more recent expert 
statements on fluid intake during exercise, underpinned by an interest in preventing 
hyponatremia rather than focusing on performance effects and the cardiovascular/
thermoregulatory stress associated with hypohydration, have championed this latter 
approach of “drinking to thirst” [4]. Curiously, case histories of hyponatremia have 
included athletes who claimed to be following thirst-driven drinking practices [4] 
and scenarios involving sodium depletion in concert with hypohydration [76], 
showcasing the complexity of fluid and electrolyte balance during prolonged exer-
cise. Unfortunately, the current situation in relation to exercise fluid guidelines 
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presents a challenge to contemporary sports scientists and athletes to choose 
between two camps promoting apparently opposite approaches (“programmed 
drinking” vs “drinking to thirst”/ad libitum drinking).

This author and others [77] propose that there is a middle ground for fluid guide-
lines for sport and exercise, noting that both viewpoints support the benefits of 
drinking during exercise and warn against drinking in excess of sweat losses or the 
TBW deficit. However, the route to achieving this is multi-factorial because of the 
differences in the conditions and context of an exercise session. These differences 
include the priorities of the exerciser (performance vs health/safety), and whether 
the conditions under which they exercise make it easy or difficult to drink in relation 
to their sweat rates. Just as there are a variety of influences on sweat rates and losses 
during exercise, there are a range of issues that influence fluid intake; these include 
access to fluid, ability to drink, gastrointestinal comfort, thirst, and cultural and 
personal beliefs [58]. Furthermore, fluid may be consumed not only to meet needs 
for water replacement but as a vehicle for intake of other performance-enhancing 
nutrients (carbohydrate and caffeine), to contribute to thermoregulation via the 
ingestion of cold or icy drinks or to promote a sensation of well-being via the oro-
pharyngeal sensing of fluid [58]. Some of these issues are unique to the event and 
within the control of the athlete/exercising person, while others are beyond their 
control. This is especially the case for competitive sports where fluid intake can be 
determined by event rules, logistics or the need to balance the time spent consuming 
fluids within a race with the performance benefits [58]. Indeed, in many competitive 
sports, it is impossible for athletes to drink to thirst or to drink ad libitum, since 
opportunities to drink sufficient volumes of fluid do not align with the accrual of a 
fluid deficit or development of thirst. For example, the rules of soccer (football) 
prevent the intake of fluid during match play (45  min halves plus overtime). 
Meanwhile, practical restrictions around the volume of fluid can be obtained, con-
sumed and tolerated at any single aid station by an elite marathon runner make it 
unlikely that thirst could be sufficiently subdued if allowed to fully develop.

Although drinking during exercise is considered an innate behaviour, controlled by 
biological cues and fine-tuned by evolution [78], Tables 6.1 and 6.2 illustrate that the 
patterns and drivers of fluid intake by athletes during competitive sporting events are 
extremely complex. These data and those from more comprehensive reviews [9, 59] 
report that across a range of sports, non-elite athletes typically appear to consume 
fluids at rates of 300–1000 mL/h, limiting the mean change in BM across the session 
to ~2%. From the sparse information on elite competitors, however, it seems likely 
that their fluid intakes during events are less able to keep pace with their greater sweat 
rates. Indeed, weight losses of ≥5% BM have been observed in some individuals, 
particularly during events undertaken in hot and/or humid conditions [10]. By con-
trast, some athletes (especially non-elite competitors) may have  drinking behaviours 
that result in an undesirable gain in body mass over an event, with a small proportion 
of these progressing to symptomatic hyponatremia [4]. This apparent range in prac-
tices and outcomes confirms the multi-factorial nature of drinking behaviours.

Figure 6.5 identifies a range of factors that can exist within sport or exercise 
that can promote under-drinking or over-hydration, even within the same event or 

L. M. Burke



131

F
lu

id
 is

su
es

 a
re

 a
 c

o
n

ti
n

u
u

m
,

w
it

h
 a

 “
sw

ee
t 

sp
o

t”
 b

et
w

ee
n

 s
u

p
p

ly
 a

n
d

 d
em

an
d

E
ve

nt
 fi

ni
sh

in
g 

tim
e

F
as

t
S

lo
w

E
nv

iro
nm

en
ta

l c
on

di
tio

ns
H

ot
C

ol
d

G
en

de
r

M
al

e
F

em
al

e
B

od
y 

si
ze

La
rg

e
S

m
al

l
O

ve
rh

yd
ra

te
d

F
lu

id
 a

cc
es

s/
op

po
rt

un
iti

es
 to

 d
rin

k 
du

rin
g 

ev
en

t

R
el

uc
ta

nt
E

ag
er

G
en

et
ic

 p
re

di
sp

os
iti

on
 to

 fl
ui

d 
in

ta
ke

D
eh

yd
ra

te
d

A
bi

lit
y 

to
 fo

llo
w

 In
st

ru
ct

io
ns

/e
du

ca
tio

n
O

ve
r-

ea
ge

r
La

zy
O

th
er

 n
ut

rit
io

n 
st

ra
te

gi
es

 (
ca

rb
oh

yd
ra

te
/c

af
fe

in
e)

U
se

 o
f d

ilu
te

 fo
rm

s 
(e

.g
. s

po
rt

s 
dr

in
ks

)
U

se
 o

f c
on

ce
nt

ra
te

d 
fo

rm
s 

(g
el

s 
et

c)

M
an

ag
e 

fl
u

id
 in

ta
ke

P
re

ve
n

t 
o

ve
r-

h
yd

ra
ti

o
n

C
o

n
tr

o
l o

p
p

o
rt

u
n

it
ie

s

Li
m

ite
d

M
an

y

E
nc

ou
ra

ge
 fl

ui
d 

in
ta

ke
K

ee
p 

be
lo

w
 m

ax
im

um
 “a

llo
w

ab
le

” f
lu

id
 d

ef
ic

it
C

re
at

e 
op

po
rt

un
iti

es

S
u

p
p

ly
 <

 d
em

an
d

P
re

-h
yd

ra
tio

n 
st

at
us

S
u

p
p

ly
 >

 d
em

an
d

Fi
g.

 6
.5

 
A

 p
ar

ad
ig

m
 to

 il
lu

st
ra

te
 th

at
 g

ui
de

lin
es

 a
nd

 p
ra

ct
ic

es
 a

ro
un

d 
flu

id
 in

ta
ke

 in
 s

po
rt

 n
ee

d 
to

 r
ec

og
ni

se
 th

at
 s

ce
na

ri
os

 e
xi

st
 in

 w
hi

ch
 a

th
le

te
s 

m
ay

 e
ith

er
 

ov
er

dr
in

k 
or

 u
nd

er
dr

in
k 

in
 c

om
pa

ri
so

n 
to

 th
ei

r 
flu

id
 lo

ss
es

, a
nd

 th
at

 d
if

fe
re

nt
 s

tr
at

eg
ie

s 
ar

e 
ne

ed
ed

 to
 a

dd
re

ss
 th

es
e

6 Hydration in Sport and Exercise



132

individual. This suggests that guidance can be provided to athletes based on the 
likelihood that their sweat rates will be greatly higher than their opportunities/
desire to drink, or the reverse. When factors align in the latter direction (e.g. it is 
cool, exercise is of moderate intensity and there are plenty of opportunities to 
consume fluids), it may be sufficient to drink to thirst, although some over-eager 
drinkers may also benefit from programmed drinking that limits total fluid intake. 
In contrast, when factors align to make likely sweat losses well in excess of fluid 
intake (e.g. hot weather, higher intensity exercise, few opportunities to access 
fluid and difficulty drinking large volumes on a single occasion), athletes can be 
guided to exploit the available opportunities with a fluid intake plan that limits the 
accrual of the TBW deficit.

In finishing this discussion, it is worth noting that over the last decade, as the 
debate between “drinking to thirst” and “programmed drinking” has developed, 
several studies have attempted to investigate the benefits of the “drinking to thirst” 
model, or in some cases, to discredit the benefit of a planned approach to hydration 
for athletic performance [79–82]. As in the general literature on hydration and 
sports performance, there are methodological issues arising from different prac-
tices being used to achieve “drinking to thirst/ad libitum” fluid intake as well as 
different practices of “programmed drinking”(ranging from complete replacement 
of BM losses to allowance of an accrual of 2% BM loss). It is interesting that the 
majority of studies have not found any differences in performance following these 
different approaches to managing hydration during running and cycling protocols 
[79–82]; this suggests that a range of practices can be tolerated or are associated 
with successful outcomes. Furthermore, a study involving 30  km of ergometer 
cycling in the heat [83] reported that programmed fluid intake which preserved BM 
to a mean loss <0.5% was associated with a faster performance in the last of three 
5-km cycling time trials, than ad libitum drinking (mean BM loss of 1.8%). Clearly, 
more research is needed, but the available studies support a common sense and 
flexible attitude to the range of drinking practices that might be suitable for differ-
ent athletes or exercise scenarios.

6.6  Conclusion

Hydration status adds an overlay to the physiological and perceptual responses to 
exercise, especially when it is carried out in the heat. Sweat losses vary according 
to features of the exercise activity, the environment and the athlete, while self-
chosen fluid intakes are influenced by a similarly large range of factors. This is 
especially true during sporting competitions which contribute an additional layer 
of rules, logistical concerns and performance trade-offs. The real-life picture of 
hydration practices during exercise/sport is a complicated mix, where some ath-
letes/events experience a large (>5% BM) loss of TBW, while others maintain 
TBW within a range that is likely well tolerated in terms of physiological strain 
and performance (<2% BM loss), some drink in excess leading to a gain in TBW 
and/or BM and a few develop problematic symptoms of hyponatremia/water 
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intoxication. The difficulty of detecting small but meaningful performance effects 
associated with hypohydration as well as absolute and relative changes in hydra-
tion status adds further complexity to the topic. Therefore, it is unlikely that a 
simple and single guideline for fluid intake during sport and exercise activities 
will suit all needs and all scenarios. Further research on hypohydration, fluid 
intake and sports performance is needed, especially involving field scenarios or 
lab protocols that can better mimic real-life conditions and measure meaningful 
changes in physiology and performance. Both “ad libitum drinking” or “drinking 
to thirst” and “programmed fluid intake” protocols have a role in guiding hydra-
tion practices for exercise and sport; the best approach will vary according to the 
factors that influence the relative magnitude of sweat rates and opportunities to 
drink. Finding some unifying themes to guide education messages around fluid 
intake to athletes and other people who exercise will help to solve the current 
debates and confusion.
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7Heat-Stress Exercise and Cooling
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7.1  Introduction

The development of hyperthermia is central to all of the mechanisms and theories 
proposed to explain the impaired exercise performance and capacity observed in the 
heat and so interventions that reduce the actual and/or perceived level of thermal 
strain are sought. Cooling is one such intervention. Data regarding cooling use in 
elite sport are limited but Périard et al. [1] reported that 52% of athletes surveyed 
prior to the 2015 IAAF World Championships planned to use at least one cooling 
strategy during the championships and that ice-slurry ingestion was the most fre-
quently planned for cooling invention (Fig. 7.1). This chapter will review the effect 
that different internal and external cooling interventions have on the physiological, 
perceptual, and performance responses to heat stress when administered prior to 
(pre-cooling), during (per-cooling), or after (post-cooling) exercise.

7.2  Mechanisms of Cooling

Athlete cooling can be internal or external. In addition to decreasing tissue tem-
perature, external cooling activates peripheral thermoreceptors, whereas internal 
cooling activates central thermoreceptors and so the outcomes of the two different 
cooling approaches can differ but may also be complementary and additive. 
External cooling is probably the most common method of cooling used before, 
during, and after exercise; however, internal cooling was the most commonly 
planned for cooling strategy by athletes prior to the 2015 IAAF World 
Championships in Beijing [1]. A number of external and internal cooling methods 
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are used and these include interventions capable of offering an actual cooling effect 
(e.g. whole-body and partial-water immersion, cooling garments, cold/iced bever-
age ingestion) as well as those that offer a sensation of cooling (e.g. menthol appli-
cation or mouth rinsing).

7.2.1  External Cooling

7.2.1.1  Cold-Water Immersion
Water immersion can be used before (pre-cooling) or after (post-cooling) exercise 
and involves immersion of the body (whole or partial) in water at 2–26 °C to lower 
core temperature through the direct removal of heat by the water and the circulation 
of the cooler peripheral blood to central regions of the body. Although it was previ-
ously thought that the water used should be very cold, recent data has shown com-
parable cooling rates with warmer water (26  °C v 14  °C) due to a reduced 
vasoconstrictor drive [2]. As well as reducing thermal strain, water immersion can 
increase central blood volume and subsequently stroke volume allowing for a lower 
heart rate at a given exercise intensity [3–5]. Water immersion can also elicit a 
change in the perceived thermal state and thermal comfort of the athlete due to rapid 
reductions in skin temperature [4, 6, 7]—this reduction can be pleasant or unpleas-
ant depending on the magnitude of cooling presented. Unpleasant thermal sensa-
tions are related to lower water temperatures [8] and larger body surface areas being 
exposed [9]. Using very cold water for immersion post-exercise can be beneficial in 
reducing body temperature and treating hyperthermia [10] (see Sect. 7.3.4) but 
using such temperatures prior to exercise are not advisable due to the discomfort 
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caused and the reduction in muscle temperature. A reduction in muscle temperature 
can reduce maximal power, force, and velocity [11] and so while cooling non-active 
parts can reduce cardiovascular, physiological, and perceived strain [12, 13], cool-
ing the active muscles should be avoided.

Whole-body cold-water immersion is the most effective way of cooling the body 
pre- and post-exercise but it is not always practical. Partial-water immersion can 
cause less disruption to pre-competition routines (e.g. less time is required to dry the 
athlete, and some clothing can be worn) than whole-body water immersion and this 
may explain why more athletes planned to use this lower-limb cooling at the 2015 
IAAF World Championships in Beijing (Fig. 7.1 [1]). A number of studies have 
looked at cooling sections of the body using water immersion and these have 
included cooling non-active (e.g. torso [13] or hands [12]) and active (e.g. legs [11]) 
body parts.

7.2.1.2  Cooling Garments
Ice vests, cooling vests, ice jackets, and cooling jackets are names used interchange-
ably in the literature to describe practical, external cooling garments designed to 
cool the torso through direct conductive and evaporative methods. Ice vest is the 
most commonly used description and so will be used here. Ice vests either contain 
cooling sections activated by water and cooled in refrigerators, freezers, or iced- 
water or make use of frozen or cooled inserts. Vests typically cover the entire torso 
(~25% of the body surface area [14]) but cool less (5–10% [14, 15]) due to the 
design of the vests and location of the cooling strips/packs (Fig. 7.2). Ice vests can 
be worn during exercise as well as before and/or after. When worn as part of a pre- 
cooling routine ice vests can lower core body and skin temperatures, reduce heart 
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rate, and improve the perception of task difficulty and thermal comfort [16–19]; 
however, not all vests offer a sufficiently prolonged cooling effect to induce such 
changes [20, 21].

Ice vests worn during exercise can prolong the cooling but there are barriers to 
use, e.g. the rules and regulations governing the sport vests may prohibit their use. 
Even if allowed, the wearing of an ice vest might be problematic during load- 
bearing activities or weight-sensitive events (e.g. motor racing). Commercially 
available cooling vests weigh 0.5–4.5 kg [16, 22] with the most commonly investi-
gated one (Arctic Heat) weighing ~1.5 kg when activated [23]. The energy cost of 
walking and running increases when carrying a load [24] and so running while 
wearing a torso-cooling garment is likely to increase the energy demands of the 
activity but this has not been directly assessed (there appears to be no energy cost of 
cycling with a cooling vest [15]). Arngrimsson et al. [16] investigated the effects of 
wearing an ice vest during an active warm-up but they did not measure the effects 
of the extra mass on the metabolic cost of the exercise bout. Instead, they reduced 
the warm-up running speed by ~0.8 km h−1 “to compensate for the extra metabolic 
work done… due to the weight of the vest” (p. 1868). Ice vests worn during exercise 
can improve exercise capacity during heat stress [14, 15, 25]; however, it may only 
effectively reduce physiological strain when the magnitude of heat stress is very 
high [25]. When the magnitude of heat strain is low, any benefit of wearing an ice 
vest on exercise performance appears to be due to the sum effect of small beneficial 
physiological changes and reductions in perceived physiological strain [14, 15].

In addition to cooling the torso, the neck and head have been proposed as good 
sites for cooling due to their close proximity to the thermoregulatory control centre 
(i.e. hypothalamus) [26, 27] and ease of access [21]. They make up only ~1% [14] 
and ~8% [28] of the body surface area, respectively; however, cooling the neck and 
head may elicit disproportionately beneficial changes in perceived thermal strain 
[27] due to being a site of high alliesthesial thermosensitivity [29]. Cooling the head 
and neck regions has limited effect on physiological strain with no changes in physi-
ological, hormonal, or biochemical variables reported in most cases [14, 26, 30–36]. 
Some beneficial physiological effects have been reported but these are generally 
only seen when cooling the whole area and when the participant is under severe 
thermal strain [37].

7.2.1.3  Fan Cooling
Frequently in thermal physiology investigations, airflow is either missing (some-
times correctly and sometimes incorrectly) or is provided at lower speeds than 
might be experienced when competing outside the laboratory [38]. During 
laboratory- based performance studies, the lack of a representative airflow may 
mean that the effect of other heat-mitigating interventions (e.g. cooling) may be 
overstated [39, 40]. For example, Morrison et  al. [39] observed that cold-water 
immersion pre-cooling and fan per-cooling did not improve exercise capacity any 
more than fan per-cooling alone.

Compared to no airflow, core body temperature, skin temperature, sweat rate, 
and heart rate are all lower with airflow [41–44] and perceived exertion (RPE) and 
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thermal sensation can be improved [39, 43, 44] and so it is unsurprising that increas-
ing airflow can be ergogenic. Otani et al. [43] compared the effects of providing 
airspeeds of 0, 10, 20, or 30 k h−1 to cyclists exercising to exhaustion in hot condi-
tions. There was a progressive reduction in capacity time as airspeed was reduced 
and the greatest exercise capacity was observed with an airspeed of 30  k  h−1 
(90.3 ± 16.5 min). The time to exhaustion was ~50 min shorter with no airflow at all 
(41.4 ± 10.1 min). Rectal temperatures were similar at the point of exhaustion in all 
four trials but the higher wind speeds slowed the rate at which is rose. Unsurprisingly, 
convective and evaporative heat loss was lower in the 0 k h−1 trial than in all other 
trials. While many sports naturally generate an airflow (e.g. cycling) the opportuni-
ties to use artificial airflow in elite sport are limited predominantly to periods of 
seated rest, e.g. while on the substitutes’ bench or at the change of ends in tennis. 
Fan cooling (in combination with skin wetting to promote evaporative heat loss) 
increased the exercise time completed during a recent tennis simulation in the heat 
[44] compared to no cooling and the currently adopted ice-towel approach.

7.2.1.4  Menthol Cooling
Menthol is not a cooling method per se but it provides a sensation of cooling [45–
50] due to the activation of the transient receptor potential ion channel melastatin 8 
(TRPM8). The magnitude of cooling sensation appears to be dose-dependent with 
participants reporting a greater cooling sensation when a 0.2% menthol spay is used 
compared to a control or 0.05% spray [48]. Despite improving thermal sensation 
menthol application does not reduce thermal strain [45–47, 50] and may actually 
increase it [50, 51]. Menthol concentrations of 1–10% induce vasoconstriction, 
reduce skin blood flow, and delay the onset of sweating in some [51] but not all [52, 
53] studies and a dose response relationship between the concentration of menthol 
and the rate in the rise of rectal temperature has been reported [51, 54]. Schlader 
et al. [50] reported that despite only improving perceived, rather than actual, ther-
mal strain, the application of menthol gel (8%) to the face increased the work com-
pleted at a fixed rating of perceived exertion by 21% but other, less aggressive, 
applications (0.05% menthol sprayed on to clothing) have reported no improve-
ments in exercise performance in the heat [45–47].

7.2.2  Internal Cooling

The ingestion of cold or iced beverages can lower starting core temperature and 
slow the rate at which it rises during exercise in the heat [55–57]. Ingesting an ice 
slurry can approximately double the internal sink compared to cold fluid ingestion 
due to harnessing the combined thermodynamic properties of the solid (specific 
heat capacity = 2.1 kJ kg−1 °C−1) and liquid (specific heat capacity = 4.2 kJ kg−1 °C−1) 
water as well as the enthalpy of fusion required for the change from solid into liquid 
form (334 kJ kg−1). Due to the greater heat sink it is unsurprising that ingesting ice 
slurry before and during exercise can reduce core body temperature [5, 58–61]; 
however, a reduction is not always observed [62]. Although the ingestion of cold 
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fluid cools the body from within and creates a heat sink, it also suppresses the sudo-
motor response to heat independently of changes in skin or core body temperature, 
resulting in lower sweat rate and sweat loss, and reductions in evaporative heat loss 
from the skin [5, 56, 60, 63–66]. The reduction in evaporative heat loss can result in 
greater heat storage during exercise in the heat [60, 65] and the magnitude of reduc-
tion is strongly related to the temperature of the ingested fluid (Fig.  7.3) [66]. 
 Pre-cooling with cold/ice fluid ingestion prior to the initiation of a full sweating 
response can increase heat storage [60] and so may be beneficial; however, it may 
also delay the onset of sweating and/or vasodilation which may in turn increase the 
rate of heat storage during the early stages of exercise [66].

Regardless of changes, or not, in heat storage, the ingestion of cold/ice fluids can 
make athletes feel cooler and such changes can have ergogenic effects in the heat 
[67]. Siegel et al. [5] reported that the ingestion of an ice slurry had a disproportion-
ate improvement in thermal perceptions. Despite greater reductions in body tempera-
ture following cold-water immersion, participants reported similar ratings of thermal 
sensation following the ingestion of an ice slurry [5]. As mentioned, menthol is a 
potent improver of thermal comfort and in addition to being used externally it can be 
used internally either as a mouth rinse [68–70] or ingested as a drink with cold (3 °C) 
and ice-slush (−1 °C) beverages [71, 72]. Menthol mouth rinsing (0.01%) or inges-
tion (0.05%) improves perceived thermal strain with minimal physiological change 
[68–72] and can improve exercise capacity and performance in the heat [68–72].

Gastrointestinal permeability is increased as body temperature increases [73] 
and so it has been hypothesised that the direct internal cooling offered by cold/ice 
fluid ingestion may reduce gastrointestinal discomfort during exercise in the heat. 
Snipe and Costa [61] directly tested this hypothesis and found that despite reducing 
thermal strain, the ingestion of cool (7 °C) or cold (0 °C) fluid before and during 
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exertional heat stress had no effect on systemic inflammatory cytokines and only 
slightly reduced intestinal injury and upper-gastrointestinal symptoms in endurance- 
trained euhydrated athletes. In this study the comparison trial involved the ingestion 
of 22 °C, rather than body temperature, water and so it is possible that the lack of 
observed effect was due, at least in part, to the cooling offered by the “control” trial.

7.2.3  External and Internal Cooling in Combination

It seems prudent to suggest that combining internal and external cooling would be 
an optimal cooling strategy; however, little data exists and what does exist is equivo-
cal. Schulze et al. [74] investigated a combined cooling approach—pre-cooling with 
internal (ice slurry) and external (ice towels applied to the legs and torso) cooling 
and supplementing the pre-cool with internal cooling via ice ingestion during exer-
cise. The power output in the combined internal and external trial was “likely 
higher” (+2.5 ± 1.9%) and the thermal comfort was “very likely lower” than control 
but rectal temperature was unaffected and there was no additional benefit of com-
bining the interventions compared to internal per-cooling alone. Ross et  al. [75] 
observed that internal (ice-slurry ingestion) and external (ice-towel application) 
cooling increased power output (by ~3%; 8 W) and cycling performance (~1:06 min) 
compared to control and although rectal temperature and heart rate were lower fol-
lowing pre-cooling the differences had disappeared by the time the performance test 
commenced. In contrast, Brade et al. [76] reported that total work during a 90 min 
intermittent exercise bout was reduced following internal pre-cooling but that there 
was no difference between external (ice vest) or combined (ice vest and ice-slurry 
ingestion) cooling compared to control despite the combined approach having the 
greatest effect on reducing physiological strain.

7.3  Timing

7.3.1  Pre-cooling

Cooling prior to exercise in the heat can increase the heat storage capacity and 
reduce the thermal strain that the participant experiences before and/or during the 
exercise bout. External pre-cooling lowers the temperature of the peripheral blood, 
which cools the core body temperature when it circulates. In some cases the reduc-
tion in core body temperature is delayed [23, 55, 77–79] due to the after-drop phe-
nomenon which can occur if the cooling is too severe and severe vasoconstriction of 
the peripheral blood vessels occurs almost immediately. The vasoconstriction 
quickly shifts the warmer peripheral blood to the core and delays the transfer of the 
cooling of the skin to the core. Pre-cooling can reduce core body temperature prior 
to, or during the early stages of, exercise but the benefit does not always last for the 
duration of the exercise bout [21]. Some pre-cooling studies report that the reduc-
tion in core body temperature can last the duration of the trial (≤ 90 min) [79–82]; 
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however, this is not always the case due to either insufficient cooling or the adoption 
of a faster pacing strategy following the cooling. In addition to lowering body tem-
peratures, pre-cooling can lower heart rate due to the redistribution of blood from 
the periphery to the core. As with physiological change, the effectiveness of pre-
cooling on improving exercise performance in the heat is dependent upon the heat 
strain experienced [20] and the magnitude of cooling provided. Pre- cooling can 
enhance subsequent exercise performance but it does not always improve all forms 
of exercise performance (Fig. 7.4).

Single sprint performance appears to be impaired following pre-cooling—espe-
cially when the temperature of the area superior to the working muscles is lowered. 
Pre-cooling the torso can improve sprint cycle performance in the heat (+4%) [13], 
but does not always do so (−2%) [6], whereas pre-cooling the torso and thighs in 
combination or legs alone impairs peak power output by 7% [6] and 30%, respec-
tively [83]. It is likely that muscle temperature was lower in the studies that directly 
cooled the legs [6, 83] but this was not measured. Reductions in muscle temperature 
can extend the time-to-peak tension, decrease voluntary power output [84], and 
slow the rate of anaerobic metabolism [6, 85] and so it is unsurprising that short 
duration, explosive sprint performance is impaired following pre-cooling.

Although pre-cooling impairs subsequent sprint performance, it appears to be 
beneficial to subsequent intermittent sprint exercise performance in the heat overall 
(Cohen’s d = 0.47; [21]). The intermittent sprint exercises investigated typically last 
at least 30 min and raise core body temperatures more than the shorter single-sprints 
[21] and the greater physiological strain experienced during intermittent sprint exer-
cise explains why pre-cooling is often beneficial. Although pre-cooling prior to 
intermittent sprint exercise is, on average, beneficial [21], individual study data 
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regarding the effectiveness of cooling prior to intermittent sprint activity are equivo-
cal, even within laboratories. For example, Minett et al. [86, 87] observed a dose–
response relationship between the volume and duration of pre-cooling and 
subsequent improvements in physiological, perceptual, and performance outcomes 
(d = 0.00–2.14) but subsequently reported no improvements in performance, despite 
physiological and perceptual improvements, using the same pre-cooling method 
[88]. The distance covered in a simulated cricket bowling test was unaltered by pre- 
cooling [88] but the distance covered in a longer-duration, intermittent protocol in 
which higher core temperatures were observed was increased [87].

These data suggest that pre-cooling is more beneficial when thermal strain is 
high and so it is unsurprising that the greatest pre-cooling benefits are observed 
when used prior to prolonged exercise in the heat (Fig. 7.4) [21]. The majority of the 
literature report improvements in prolonged exercise performance and capacity fol-
lowing pre-cooling; however, Mitchell et al. [81] reported that exercise capacity at 
100% maximal oxygen uptake was impaired (−7.5%; d = −0.59) following pre- 
cooling using fans and mist spray. The pre-cooling intervention reduced core tem-
perature (by ~1.5 °C) but caused discomfort to the participants who reported lower 
levels of thermal comfort and a “lack of spring” and a feeling of “heaviness” in the 
cooling trials when interviewed (p. 123).

7.3.2  Per-cooling

The physiological and perceptual changes caused by pre-cooling are often lost or 
diminished during exercise resulting in participants finishing the bout under similar 
levels of thermal strain to the control trials [4, 16, 55, 77–79]. In order to try to 
prolong the duration that the participants experience a lower thermal strain, cooling 
during exercise (per-cooling) has been investigated. Per-cooling is an attractive idea 
if sufficient cooling can be provided; however, there are a number of practical con-
siderations that can restrict its use, for example, the rules and regulations of the 
sport, excess weight, and skin irritation [16].

Per-cooling can improve exercise performance and capacity in the heat (Hedges’ 
g = 0.40; Cohen’s d = 0.76 [20, 21]), with and without physiological alterations, and 
offers the greatest physiological benefit when the thermal challenge is very high 
(Fig. 7.4). An ice vest worn under nuclear, biological, and chemical protective cloth-
ing reduced core and skin temperatures and improved exercise capacity by ~12% 
[25]. In less thermally challenging settings, per-cooling the torso can also improve 
cycling capacity (+17–21%) in the heat—this time without altering rectal tempera-
ture, skin temperature, or heart rate but with improvements in thermal sensations 
[14, 15]. Per-cooling the head and neck regions also has a limited effect on physio-
logical strain [14, 26, 30–36]; however, it can improve running performance (~6%) 
and capacity (~12%) in hot environments [34–36]. Statistically significant improve-
ments are not always observed with neck per-cooling but the effect sizes indicate a 
likely benefit (p = 0.09, d = 0.62 [32]; p = 0.12, d = 0.31 [14]). Athletes are often 
seen cooling the neck region at events such as Tennis Grand Slams and although 
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cooling this region appears to be an effective practical per-cooling intervention for 
improving exercise performance it should not be used if a reduction in thermal 
strain is desired or required.

To date, internal per-cooling has received limited attention but the data are posi-
tive. Ingesting cold (4 °C) fluids can improve cycling capacity by 13% (7 min) [57] 
and ice-slurry ingestion can improve performance by ~ 2.5% [74]. Internal per- 
cooling may [57] or may not [74] reduce physiological strain while improving ther-
mal comfort [74] during exercise; however, it is likely that at least some of cooling 
benefit is counteracted by the increased heat production occurring as a result of the 
improved work. Internal per-cooling may enable athletes to adopt a faster self- 
selected exercise intensity in the heat, which would be advantageous if done within 
safe limits. Internal per-cooling does not consistently reduce core body temperature 
[57, 63–65, 74] and recent data have recommended that ice slurries should not be 
ingested during exercise in the heat—especially by novice athletes who are more 
susceptible to heat illness [65].

7.3.3  Pre- and Per-cooling

Combining pre- and per-cooling strategies is advantageous to exercise performance; 
however, the benefit is similar to pre- or per-cooling alone [20, 89]. Lee et al. [56] 
reported that cold fluid ingested before and during exercise reduced physiological 
and perceptual strain and improved cycling capacity in the heat by ~23% but Riera 
et al. [71] and Tran Trong et al. [72] reported no change in physiological or percep-
tual strain and only observed a benefit with colder fluid when internally pre- and 
per-cooling. Combining internal and external pre- and per-cooling can lower physi-
ological and perceptual strain and improve performance compared to no cooling but 
the combination may not be better than per-cooling alone [74]. Schulze et al. [74] 
pre-cooled individuals using a combination of ice slurry and ice towels for 30 min 
prior to cycling in the heat during which time ad libitum ice-slurry per-cooling was 
allowed. Participants did better with the cooling strategies but the combined 
approach was no better than the per-cooling intervention alone.

7.3.4  Post-exercise Cooling

Exercise-induced hyperthermia can cause irreversible, and potentially fatal, heat 
illnesses if treatment is not rapidly administered [90, 91]. Heat illnesses are rela-
tively common [1] and range in severity from muscle cramps to exertional heat 
stroke. Exertional heat stroke is one of the most common causes of sudden death in 
athletes [92] and so appropriate prevention methods (e.g. appropriate pre-exercise 
screening and/or following a successful period of heat acclimation/acclimatisation) 
should be undertaken [93]. Supine rest in the shade can usually treat minor heat ill-
nesses (additional skin cooling and/or rehydration can be administered if required) 
but more severe heat illnesses require the rapid reduction of body temperature to 
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<38.9  °C [93]. Ideally core body temperature should be reduced within 30  min 
[94]—a period that has been termed the “golden half hour” [95].

Post-exercise cooling interventions such as ice sheets, ice towels, cold showers, 
forearm immersion, and cooling garments are often used in sporting and military 
settings due to their ease of application; however, their effectiveness is limited. 
McDermott et al. [96] classified cooling effectiveness based upon cooling rates and 
suggested that an ideal cooling intervention would cool at a rate of at least 
0.155 °C.min−1 and an acceptable one would cool at a rate of 0.078–0.155 °C.min−1. 
The aforementioned practical interventions often fall below this acceptable cooling 
rate. Ice sheet cooling and passive rest offer similar cooling rates (~0.05 °C.min−1), 
despite greater reductions in the first 6 min of the 15 min cooling period with the 
sheet [97]. This rate of cooling is similar to that reported using other practical inven-
tions such as ice-towel application (0.06–0.11  °C.min−1) [98, 99], cold showers 
(0.07 °C.min−1) [97], chemical cold packs (0.02–0.06 °C.min−1) [100], and forearm 
or hand-cold-water immersion (0.01–0.04 °C.min−1) [101–105]. The most effective 
post-exercise interventions involve whole-body immersion in water. Armstrong et al. 
[99] directly compared the ice towels with cold-water immersion and reported that 
both interventions were at least acceptable but that the cooling rate was almost twice 
as fast when using cold-water immersion (0.20 °C.min−1) compared to the ice towels 
(0.11 °C.min−1). Zhang et al. [10] reported that the mean cooling rate of water immer-
sion was 0.08 ± 0.03 °C.min−1—double that of passive recovery alone (0.04 °C.min−1) 
and acceptable but not ideal [96]. Using the mean cooling rates the calculated time 
to cool the core body temperature by 1 °C ranges from 4 to 24 min in otherwise 
healthy, moderately hyperthermic individuals depending on the core body tempera-
ture, immersion temperature, and immersion depth (Fig. 7.5 [10]). For extremely 
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hyperthermic individuals the cooling rates observed can be ~20% of the expected 
rate [91] due to complications such as circulatory failure and/or endogenous heat 
production and so the rates observed in the field may be lower than those reported 
in the experimental literature.

It is often suggested that the optimal water temperature for water immersion is 
“the colder the better” (p. 2469) [10]. Very fast cooling rates have been observed 
using water of ~2 °C [106–108]; however, warmer water may be just as effective 
[109]. Cooling rates observed using tarp-cooling (the athlete is placed on a water-
proof sheet (i.e. a tarpaulin or tarp) and three of more people hold up the edges to 
create a bowl-shape before cold water and/or ice is poured into the tarp and over the 
athlete) are faster with water at 9.2  °C (0.17  °C.min−1 [110]) than 2.0  °C 
(0.14 °C.min−1 [111]) and Taylor et al. [109] reported that oesophageal temperature 
could be rapidly reduced using even warmer water (26 °C). Hyperthermic partici-
pants (core body temperature of 39.5 °C) were cooled either using cool air (~23 °C), 
cool water (14 °C), or temperate water (26 °C) [109]. The resultant cooling rates 
were 0.10 °C.min−1, 0.88 °C.min−1, and 0.71 °C.min−1 for cool air, 14 °C water, and 
26 °C, respectively. When converted into estimated time to reach a core body tem-
perature of 37.5  °C the 14  °C (2.2 ± 0.7 min) and 26  °C (2.9 ± 1.2 min) water 
immersion trials were both about 20  min quicker than the passive control 
(22.8 ± 16.4 min) [109]. The small differences in cooling times between 14 °C and 
26 °C water immersion were subsequently repeated by the same laboratory group 
(~45 s versus ~54 s) [2] but are much shorter than reported elsewhere with similar 
water temperatures (20 °C; 17.3 min [107]). The differences appear to be due to the 
different sites of measurement (Rectal [107] v oesophageal [2, 109]). Rectal cooling 
rates seem dependent upon water temperature (2  °C  =  0.35  °C.min−1; 
8 °C = 0.19 °C.min−1; 14 °C = 0.15 °C.min−1; 20 °C = 0.19 °C.min−1); however, cool-
ing rates are similar regardless of water temperature when measured at the oesopha-
gus (0.6–1.0  °C.min−1) [112]. Rectal temperature is sometimes considered 
impractical in a field setting [113] but it has been successfully used [114] and far 
more likely to be recorded in the field than oesophageal temperature. When using 
rectal temperature, it would be prudent to remember that the reduction in oesopha-
geal temperature is likely to exceed the drop recorded rectally, which may lead to an 
actual state of hypothermia. Proulx et al. [112] reported that when rectal tempera-
ture was reduced to 37.7  °C, oesophageal temperature was 33.9  °C and recom-
mended that cooling to rectal temperatures of 38.6 °C and 37.8 °C, respectively, 
when using water at either 2–8 °C or 14–20 °C would effectively reduce body tem-
perature without causing hypothermia.

Post-exercise water-immersion can be logistically difficult or even impossible 
and so researchers have investigated approaches with improved practicality. One 
such intervention is tarp-cooling. Luhring et al. [111] and Hosokawa et al. [110] 
reported that tarp-assisted cooling with agitated cold (2 °C and 9.2 °C, respectively) 
water (the agitation was to avoid the formation of a barrier of warm water around 
the body) was effective at reducing core body temperature (cooling 
rates = 0.14 °C.min−1 and 0.17 °C.min−1, respectively). While more practical than 
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full cold-water immersion, tarp-cooling still requires water immersion, and this may 
be problematic.

Webster et al. [19] reported that ice vests can reduce core temperature follow-
ing exercise; however, there appears to be little difference between control 
(~0.03 °C.min−1) and vest (~0.03–0.04 °C.min−1) and the cooling rates observed 
were similar to those reported by Maroni et al. [115] following 30 min of passive 
rest with (0.05 °C.min−1) and without (0.04 °C.min−1) an ice vest. The cooling 
rate provided by ice vests do not reach the acceptable rate classified by McDermott 
et  al. [96] and this is fairly typical of non-immersion post-cooling. As high-
lighted above, ice-towel application may or may not offer acceptable rates [98, 
99] but cold showers [97], chemical cold pack application [100], and forearm or 
hand water immersion [101–105] do not. Most post-exercise cooling interven-
tions can elicit beneficial physiological and/or perceptual changes and are more 
effective than no cooling; however, water immersion is the most effective method 
of post-exercise cooling for the reduction in core body temperature in hyperther-
mic individuals [10, 96, 99, 116].

7.4  Summary

Cooling prior to exercise in the heat using cold-water immersion, ice packs, and ice 
vests can increase the heat storage capacity and reduce the physiological and per-
ceptual strain experienced. The effectiveness of pre-cooling is dependent upon the 
heat strain experienced and the magnitude of cooling provided. Pre-cooling the 
torso can improve sprint cycle performance but when the working muscles are pre- 
cooled peak power output is impaired. In longer, more thermally challenging events, 
pre-cooling is more often beneficial and the greatest pre-cooling benefits are 
observed when used prior to prolonged exercise in the heat.

The benefits of pre-cooling are often lost or diminished during exercise and so 
cooling during exercise (per-cooling) is often adopted. Although there are a number 
of practical considerations that can restrict its use (e.g. rules and regulations of the 
sport, excess weight, and skin irritation), per-cooling can improve exercise perfor-
mance and capacity in the heat with and without physiological alterations. Per- 
cooling can be practically applied using ice vests, neck cooling collars, and cold 
fluid ingestion. Combining pre- and per-cooling does not appear to be more effec-
tive than pre- or per-cooling alone.

Exercise-induced hyperthermia can cause irreversible, and potentially fatal, heat 
illnesses if treatment is not rapidly administered and so post-exercise cooling should 
be rapidly administered if required. Severe heat illnesses require the rapid reduction 
of body temperature to <38.9 °C within 30 min. Interventions such as ice sheets, ice 
towels, cold showers, forearm immersion, and cooling garments are often used but 
the most effective post-exercise interventions involve whole-body immersion in 
water. The water does not need to be very cold—26 °C water can effectively lower 
core body temperature post-exercise.
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7.5  Recommendations

• Pre-cooling is advantageous to subsequent exercise in the heat but direct cooling 
of locomotor muscles should be avoided.

• Pre-cooling with garments that do not cool the locomotor muscles (e.g. ice vests) 
during warm-up bouts may be beneficial.

• Practical pre-cooling strategies (e.g. ice vests) can be beneficial, but water 
immersion causes larger reductions in actual and perceived thermal strain. Cold- 
water immersion is disadvantageous for explosive activities if muscle tempera-
ture is reduced.

• Per-cooling may disrupt pacing strategies and/or impair the ability to self-detect 
thermal strain, so close physiological monitoring of the athlete should take place 
if cooling during exercise in the heat. Ideally, this should involve core body tem-
perature assessment but heart rate monitoring is more practical and also offers 
useful insight.

• Athletes should be familiarised with pre- and per-cooling strategies prior to use.
• Hyperthermia requires rapid treatment. Whole-body water immersion is the most 

effective mode of cooling and the temperature of the water need not be very cold, 
but should be cold enough (< 20 °C) to reduce body temperature at a rate of at 
least 0.078 °C.min−1.
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8Heat Acclimation

Sébastien Racinais, Michael Sawka, Hein Daanen, 
and Julien D. Périard

8.1  Introduction

Acute heat exposure impairs aerobic exercise capacity via thermoregulatory 
 mediated cardiovascular adjustments, hyperthermia-induced skeletal muscle metab-
olism alterations, and central nervous system perturbations [1]. However, repeated 
exposures to heat allow for a physiological conditioning known as heat acclimation 
when exposed to hot rooms, saunas, or baths, and acclimatisation when exposed to 
naturally hot areas/environments [2]. These heat exposures induce numerous 
 integrated physiological adaptations that improve performance in the heat and 
reduce the risk of serious heat illness [3]. This chapter covers the adaptations related 
to heat acclimation, including the increase in sweat rate and plasma volume, which 
contribute to decrease in heart rate and core temperature during exercise at a given 
intensity. It also covers the resulting benefit for exercise capacity in the heat, along 
with the potential implication for exercising in cooler environments. Lastly, the 
chapter covers the methods and kinetics of induction, as well as the kinetics of 
decay. The term heat acclimation will be used as a generic term for both acclimation 
and acclimatisation.
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8.1.1  Historical Perspectives

In one of the first reports on human heat adaptations in 1768, Lind indicated that 
when relocating to East and West Indian climates, Europeans were at first affected 
by hot environments but, by length of time, habituated and lived comfortably [4]. In 
his book ‘An Essay on Diseases Incidental to Europeans in Hot Climates’, Lind did 
not yet employ the terminology ‘acclimation’, but recommended ‘a plan for all 
newly arrived Europeans’. This included behavioural strategies such a reducing 
workload, rescheduling work to avoid the heat of the day, and using shelters. Lind 
also mentioned that there were probably blood adaptations allowing Europeans to 
‘enjoy a pretty good state of health’ once adapted.

Despite the early report from Lind on adaptations to hot environments [4], 
research pertaining to heat acclimation only gained importance in the early twen-
tieth century, likely in response to requirements related to the industrial revolu-
tion. Within this context, the mining industry published some of the early 
discoveries relating to heat acclimation. For example, it was described in 1922 
that trained miners sweated more than new workers in a hot mine (4.5–8.5 L ver-
sus 2.5  L per 5  h work shift) [5]. Some mines therefore initiated acclimation 
programs for new workers as early as 1926 [6]. In the quest to optimise work 
efficiency and safety in the mining industry, Dreosti [7] performed one of the first 
scientific acclimation studies. He demonstrated that within 14 days of heat accli-
mation, heart rate was lowered and sweat rate increased, enhancing work perfor-
mance during a rock-shovelling test, with the progressive beneficial effects being 
maintained for ~1 month [8]. Dreosti [7] also reported that resting oral tempera-
ture was lower in acclimatised than un- acclimatised workers and that even a sin-
gle previous exposure was sufficient to attenuate the rise in oral temperature in hot 
environments. Subsequent observations confirmed that acclimatised mine work-
ers had a lower temperature and heart rate (after work) and an increased sweat loss 
compared with their un-acclimatised counterparts; a finding that, in association 
with an improved ability to work, was considered characteristic of heat acclimati-
sation [9]. It was also noted that the rate of heat acclimatisation seemed relatively 
rapid, as clear improvements in working capacity occurred in only 3  days [9]. 
Interestingly, miners originating from hot regions did not appear to have a usually 
high heat tolerance [10].

8.2  Physiological Adaptations

8.2.1  Sweat Rate

An improved sweat rate response is considered the hallmark indicator of heat accli-
mation. The increase in sweat rate allows for increased evaporative cooling in envi-
ronmental conditions with low vapour pressure gradients [11]. Most of the adaptive 
increase in sweat rate occurs in 3–4 days [11, 12] (Fig. 8.1). In essence, sweating 
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begins at a lower body temperature and increases to a greater amount for a given 
body temperature elevation after heat acclimation [13] (Fig. 8.2). In tropical cli-
mates, sweat rate is lower and as such less wasteful, allowing for secreted sweat to 
evaporate and cool the skin [14]. Sweat sodium concentration also decreases with 
heat acclimation for a given sweating rate [15]. The mechanisms behind the 
increase in sweat rate and the decrease in sweat sodium concentration with accli-
mation are reasonably well understood and include neurological and endocrine 
adaptations [16]. The decrease in sweat sodium concentration can start occurring 
in 2 days only and is thereafter linear during the first week of heat acclimation [17]. 
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These sweating adaptations are supported by changes in cutaneous vasodilation 
with an earlier and greater increase in skin blood flow for a given body temperature 
after heat acclimation [12] (Fig. 8.2).

8.2.2  Blood Volume

Another commonly reported adaptation with heat acclimation is an increase in 
blood volume, and more specifically plasma volume. Large alterations in blood vol-
ume in response to climatic changes have been reported as early as 1922 [18]. In 
1940, Bazett et al. [19] published a comprehensive description of the haematologi-
cal adaptations related to acclimation based on 4 studies. Using various tracers to 
quantify blood volume, their work showed that heat acclimation induces an increase 
in both plasma volume and total circulating haemoglobin. However, the plasma 
volume expansion occurred more rapidly than the increase in haemoglobin, trigger-
ing a temporary decrease in haemoglobin concentration and haematocrit [19]. The 
increase in plasma volume became a standard observation reported in most heat 
acclimation studies from the 1950s [20], and typically occurs after 3–4 days of heat 
exposure [21, 22] (Fig.  8.1). Plasma volume expansion is particularly variable 
between individual with values ranging from 3% to 27% [23–27], whereas erythro-
cyte volume is considered to remain unchanged [28].

The expansion of plasma volume in later studies was reported to be a transient 
phenomenon [29, 30], peaking around the fifth day. However, recent studies have 
suggested that plasma volume could remain expanded if the adaptation stimulus 
was maintained constant by clamping core temperature during acclimation [24, 25]. 
Plasma volume maintenance may be facilitated by the oncotic effect of an increase 
in intravascular protein content [21, 30, 31], potentially due to an increase in protein 
synthesis [32, 33], a reduction in protein loss through the cutaneous capillaries in 
response to an acclimation-induced decrease in skin blood flow [34], and a reduc-
tion in the permeability of cutaneous capillaries to large molecules [35, 36]. Plasma 
volume increase and maintenance can also be facilitated by the increase in extracel-
lular fluid due to sodium preservation [24, 25, 37]. Notwithstanding, whether 
plasma volume remains expanded when the stimulus for adaptation is constant 
requires further investigation.

Functionally, the expansion in plasma volume may improve vascular filling pres-
sure to support cardiovascular stability (i.e. increased stroke volume and arterial 
blood pressure) [21], as well as increase the specific heat of blood [38], thus improv-
ing heat transfer from the core to the skin [16]. However, an acute artificial increase 
in plasma volume does not appear to improve thermoregulatory control [22, 39] 
and, therefore, the importance of plasma volume expansion in heat acclimation is 
still debated. Even if it is probably not the main physiological mechanism improv-
ing exercise capacity in the heat, plasma volume changes might still be a marker of 
short-term acclimation as the changes in haematocrit during a heat-response test 
appear to correlate to the changes in physical performance in the heat [40, 41] 
(Fig. 8.3).
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8.2.3  Cardiovascular Adaptations

As detailed in Chap. 3, an increase in core and skin temperatures during exercise 
in the heat is associated with increased cardiovascular strain [42], with a significant 
increase in heart rate along with decline in stroke volume, mean arterial pressure, 
and potentially cardiac output [43]. Some investigators believe that a high heart 
rate is the primary contributor to reduced stroke volume during prolonged exercise 
in the heat [44].

The increases in sweat rate and plasma volume support heat dissipation at the 
level of the skin. As such, it has been well described that heat acclimation improves 
evaporative cooling and lowers skin temperature more than rectal temperature, 
therefore increasing the internal thermal gradient and facilitating heat flow to the 
surface [11, 45]. This ultimately improves heat transfer via blood flow, ‘sparing’ 
blood for the rest of the circulation [11] and relieving the circulatory strain [45]. 
Indeed, an increased plasma volume will reduce heart rate and better sustain stroke 
volume during exercise in the heat [22], improving the ability to sustain blood pres-
sure and cardiac output requirements (Fig. 8.4). Thus, a decrease in heart rate at a 
given work rate is a sign of a better sustained stroke volume and perhaps cardiac 
output during exercise-heat stress. The decrease in heart rate is probably due in-part 
to the increase in plasma volume supporting greater venous return, cardiac 
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preloading, and improving ventricular filling [23, 46], but alterations in body tem-
perature and sympathetic activity can also contribute. Accordingly, a decrease in 
heart rate for a given exercise intensity in the heat is considered a hallmark of heat 
acclimation [26, 47]. It has therefore been proposed to utilise heart rate during heat 
acclimation to maintain a given level of cardiovascular strain during daily exercise- 
heat exposures (i.e. controlled heart-rate  protocol) [3] (Fig. 8.5).

Heart rate (bpm) Stroke volume (ml/beat) Cardiac output (l/min)× =

Acute heat
exposure

Heat
acclimation

Fig. 8.4 Hyperthermia increases heart rate and decreases stroke volume. A heat acclimation- 
induced increase in plasma volume may allow to partly compensate for this effect
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8.2.4  Thermal Tolerance

In addition to the various sudomotor, vasomotor, haematological, thermoregulatory, 
and cardiovascular adaptations that contribute to reduce heat strain, repeated heat 
exposure also improves thermal tolerance. Whilst heat acclimation reduces heat 
strain, thermal tolerance is a cellular adaptation allowing the cells and organisms to 
survive a higher level of strain [48–50]. Thermal tolerance largely depends on the 
heat shock protein (HSP) response [51] with HSP72 being particularly responsive 
to heat stress and exercise [52]. Briefly, HSP binds to denatured or nascent cellular 
polypeptides to provide protection and support repair from various stressors includ-
ing heat stress, fever, hypoxia, ischemia, viral infection, energy depletion, and aci-
dosis [53]. Human studies have highlighted the complexity of the HSP response. 
For example, heat acclimation has been shown to increase basal levels of intracel-
lular Hsp72 and HSP90, with individuals demonstrating the greatest physiological 
adaptations exhibiting reduced post-exercise expression (measured ex  vivo via 
water bath incubation) [54]. In contrast, basal levels of extracellular HSP72 
decreased (with an increase in the post-exercise response) after a couple of days of 
heat acclimation [55], but not after ~10 days [56, 57]. A potential increase in basal 
levels (with a decrease in the post-exercise response) after 15 days of heat acclima-
tion has also been noted [58]. In addition to the HSP response, heat stress also up- 
regulates or down-regulates numerous gene expressions [59]. Globally, these 
adaptations allow the heat-acclimated phenotype to be more tolerant to heat as well 
as to other stressors [60].

Even if heat acclimation is a broader response than thermal tolerance, and it is 
possible to induce some level of heat acclimation without inducing significant intra-
cellular Hsp70 responses [61], it is noteworthy that HSP responses may participate 
in both heat acclimation and thermal tolerance in parallel. For example, changes in 
HSP90 within cutaneous tissues might contribute to improved vasodilatory effects 
[62, 63].

8.2.5  Muscle Adaptations

Heat acclimation has been purported to act at the muscle level, possibly altering 
whole-body [64] and skeletal muscle metabolism [65, 66]. For example, the basal 
metabolic rate of young men in Asia has been reported to decrease during the 
warmer months of the year [67]. Heat acclimation has also been suggested to 
decrease oxygen uptake [68] and muscle glycogen utilisation (40–50%) [69, 70] 
during submaximal exercise in the heat, albeit the glycogen-sparing effect of heat 
acclimation may be small [65]. Heat acclimation may also reduce blood and mus-
cle lactate accumulation during submaximal exercise [66], and increase power out-
put at lactate threshold [71]. This could be linked to improved lactate removal due 
to the increase in total body water increasing splanchnic circulation [72], and to 
delayed lactate accumulation due to an increase in cardiac output and a decrease in 
metabolic rate [65, 68]. Heat acclimation may also improve muscle aerobic 
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metabolism through mitochondrial adaptations [73] and muscle capillary growth 
[74]. Lastly, heat acclimation has been shown to facilitate hypertrophy in cultured 
[75, 76] or animals [77] muscle cells, and thus increase muscle cross-sectional area 
in humans [78] (Fig. 8.6).

8.2.6  Neural Adaptations

Acute hyperthermia has been shown to decrease neural drive to the muscle [79]. 
As detailed in Chap. 4, this impairment is due to peripheral failures in neural 
drive transmission and supraspinal alterations when contractions are prolonged 
[80]. In vitro studies have suggested that heat acclimation could reverse the 
peripheral failure in neural drive transmission induced by hyperthermia [81, 82]. 
However, in humans, the peripheral failures in neural drive transmission (esti-
mated through M-wave and H-reflex evoked potentials) induced by hyperthermia 
are not reverted by heat acclimation [83]. Importantly, this suggests that the 
decrease in neural drive transmission in humans might not be linked to synaptic 
failure, but rather be a side effect of the increase in axonal conduction velocity 
which shortens depolarisation time [84, 85]. Conversely, heat acclimation partly 
restores the ability to sustain neural drive during prolonged contractions [83] 
(refer to the Chap. 4, Fig. 4.4). As this recovery is not accompanied by any spinal 
or peripheral nervous system adjustments, it suggests a supraspinal adaptation to 
heat acclimation [83]. The benefit of this adaptation for whole-body exercise 
capacity remains unclear however, as the limiting factor for prolonged exercise 
in the heat is more cardiovascular than neural [86, 87].
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8.2.7  Perceptual and Cognitive Adaptations

Acute hyperthermia increases thermal discomfort as well as the negative/positive 
affects ratio [83], potentially affecting exercise capacity [88] and cognitive func-
tion [89, 90] in the heat. Heat acclimation may not affect thermal comfort per se at 
rest [83, 91], but it can improve the ratings of thermal sensation/comfort during 
training and competition in the heat for both team-sports and endurance athletes 
[91–93]. It is however unclear to which extend this improvement participates in the 
physical performance improvement associated with acclimation. Heat acclimation 
can also protect various cognitive tasks such as psychomotor performance [94], 
attention tasks [95] and planning task [96] from the deleterious effects of 
hyperthermia.

8.3  Exercise Capacity and Physical Performance

8.3.1  In Hot Environments

From the initial studies in the mining industry, heat acclimation demonstrated an 
improved work capacity under heat stress conditions [97]. This improvement has 
been consistently verified using either natural (acclimatisation) or artificial (accli-
mation) heat exposures, with a recent meta-analysis calculating an average perfor-
mance improvement of 15% [91].

The decrease in VO2max associated with the development of hyperthermia is likely 
one of the main limiting factors for prolonged exercise performance in hot ambient 
conditions [98]. Heat acclimation can improve VO2max in temperate and hot ambient 
conditions; however, it cannot fully restore the initial decrease in VO2max imposed by 
heat stress [71, 99].

The increase in VO2max with acclimation is associated with a proportional 
improvement in exercise performance in the heat (e.g. cycling time trial) [71]. In 
some circumstances, heat acclimation may be sufficient to restore a similar level of 
performance to that observed in cooler environments [100, 101]. For example, 
power output during an outdoor cycling time trial (43 km) in 37 °C was ~16% lower 
compared to a time trial undertaken in 8 °C, with half of this decrease restored after 
1 week of heat acclimation, and the decrease almost fully compensated for after 
2 weeks of heat exposure [100] (Fig. 8.7). The magnitude to which heat acclimation 
can improve performance in the heat depends on several factors, including the 
severity of the environmental conditions (e.g. ambient temperature, relative humid-
ity, wind velocity) and the type of performance (e.g. duration, intensity). 
Notwithstanding, heat acclimation consistently improves submaximal intensity 
exercise capacity in the heat.
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8.3.2  In Temperate Environments

Whilst it is well accepted that heat acclimation improves both VO2max and exercise 
capacity in the heat, there is conflicting evidence regarding its effect on exercise 
capacity in cooler environments. On one hand, several studies did not observe any 
improvement in VO2max in cool environment following 5 days of isothermic heat 
acclimation with permissive dehydration [102], 10 days of constant intensity heat 
acclimation [101], or 14 days of heat acclimatisation [103]. On the other hand, other 
studies have reported an increase in VO2max in cool conditions following heat accli-
mation in unfit (23%) or untrained (13%) individuals [104], but also in trained ath-
letes (3–5%) [71, 99]. Whether heat acclimation improves VO2max in cool 
environments therefore remains a topic of contention.

In addition to potential improvements in VO2max, decreases in glycogen utilisa-
tion [65, 69, 70] and blood and muscle lactate accumulation [66] may also improve 
exercise capacity in cool environments following heat acclimation. The mecha-
nisms for these adaptations are unclear, but could include an increase in total body 
water facilitating lactate removal through increased splanchnic circulation [72], 
and/or an increase in cardiac output and decrease in metabolic rate delaying lactate 
accumulation [65, 105]. This can translate in an increased power output at lactate 
threshold [71, 102], VO2max [71, 99], and performance [71]. For example, heat 
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acclimation (via sauna bathing) improves run time to exhaustion in competitive run-
ners with the improvement being correlated to the increase in plasma volume and 
total blood volume [106].

Several studies have also reported that heat acclimation increased fitness level 
in team-sports athlete following pre- and in-season training camps in the heat [41, 
107, 108]. This is particularly interesting as obtaining rapid fitness improvements 
without performing specific aerobic training sessions may save time for technical 
training [41, 107, 108]. In summary, even if the benefits of heat acclimation in 
cooler environment are debated, there is no evidence to indicate that heat acclima-
tion impairs performance in cooler environments. As such, heat acclimation should 
be implemented before any event with potentially hot, even if uncertain 
conditions.

8.4  Heat Acclimation and Decay

8.4.1  Kinetics of Adaptation

The kinetics of heat acclimation adaptation and decay were one of the primary inter-
ests of the occupational studies stemming from the mining industry and military 
[109, 110]. Robinson and his collaborators [111] reported in 1943 that daily walk-
ing in a hot room for 1–1.5  h decreased heart rate, skin temperature, and rectal 
temperature, with the decrement occurring rapidly in the first 7 days of acclimation, 
and then more slowly up to 23 days. As early as 1951, Ladell [12] suggested that 
heat acclimation occurred in two phases with an initial decrease in heart rate and 
temperature threshold for sweating (within 2–3 days), followed by an increase in 
sweat rate at a given temperature and a better resistance to fatigue. Heat acclimation 
is now considered as a relatively rapid process that begins from the first day of expo-
sure, with 75–80% of the adaptations occurring in the first 4–7  days [3, 112] 
(Fig. 8.1).

Importantly, the kinetics of adaptation are based on daily heat exposure. Indeed, 
10 days of daily heat exposure was reported to induce similar adaptations than 1 
exposure every 3 day, but in the third of the time [113]. In addition, even if 1 expo-
sure every 3 days allows for some adaptations, interspacing the exposure by 1 week 
does not allow for adaptations to develop [114]. Thus, if and when allowing for rest 
days during a pre-competition taper to avoid fatigue and hypohydration [115], it 
must be accounted for that intermittent heat exposure allows for lesser adaptations 
compared to daily exposure [116].

Of note, the constraints of the competition calendar in international sports have 
led recent research to focus on short-term heat acclimation [115, 117, 118]. However, 
even if athletes benefit from only few days of acclimation [92, 115, 119], they may 
require 7–10 days to achieve near complete cardiovascular and sudomotor adapta-
tions [23, 27, 71], and two or more weeks to optimise aerobic performance in hot 
environments [100].
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8.4.2  Heat Acclimation Induction

A classic research from 1963 originally suggested that 100 min of daily exercise in 
the heat was suitable to induce heat acclimation [120]. The panel of induction meth-
ods has diversified over the years and includes active, passive, or a mixture of active 
and passive hyperthermia [121] (Fig. 8.5). The rule of thumb to induce heat accli-
mation is to increase whole-body temperature, induce profuse sweating, and elevate 
skin blood flow [122]. This can be achieved through: (1) passive heat exposure, (2) 
self-paced exercise, (3) constant work rate exercise, (4) controlled hyperthermia, or 
(5) controlled heart-rate approaches (Fig. 8.5).

Passive exposure has been used in scientific studies to isolate the effect of 
repeated heat exposure without training [83, 123, 124]. However, heat acclimation 
before competing in the heat should be as specific as possible and as such, passive 
exposure is likely not as efficient as training in the heat. Notwithstanding, repeated 
passive heat exposures allow to partially develop a heat-acclimated phenotype [125, 
126] and may be practical for athletes living in cold countries. Passive exposure 
may also include maintaining an elevated temperature post-training [106, 127], or 
even increasing temperature before active acclimation [128].

Self-paced exercise in the heat has been used for decades [129, 130], and includes 
working or training in natural heat. Self-paced heat acclimation has been largely 
replaced by more controlled methods (see below) in the recent years, but is still the 
primary method for team-sports athletes acclimatising through their natural outdoor 
training [40, 41, 107]. For endurance sports, such as cycling, choosing to naturally 
acclimatise through self-paced exercise, intensity blocks should be prioritised 
towards the beginning of the session to maintain absolute exercise intensity.

Acclimation via constant work rate exercise has been the primary model from 
which much of our knowledge on acclimation kinetics (see above) is based [13, 23, 
111, 131]. In this model, there are fixed endogenous and exogenous thermal loads 
(e.g. cycling at 160 W in 35 °C, 60% RH), representing a constant forcing function. 
However, the relative stress imposed by of those fixed load will progressively dimin-
ish as acclimation develops [11, 132–134]. This relative decrease has been sug-
gested as one of the reasons for the decline in plasma volume following its initial 
increase [24, 25]. It is important to note however, that whilst the training stimulus or 
forcing function may decrease as adaptations develop, a recent meta-analysis con-
cluded that the constant work rate acclimation leads to similar adaptations than 
clamping core temperature to maintain the forcing function (described below) [91].

Acclimation by isothermic controlled hyperthermia (i.e. clamping core tempera-
ture at 38.5 °C) has been proposed to provide a constant forcing function and thus 
maintain the acclimation stimulus as adaptations develop [24, 117, 135, 136]. This 
concept has recently seen a regain in interest, but it is not new and was proposed half 
a century ago [132, 135]. In general, isothermic protocols may not allow appropri-
ate training for athletes as the exercise intensity dramatically decreases when the 
target core temperature is reached, with exercise completely ceasing in some cir-
cumstances [137], thus reducing one of the main drivers for adaptation (i.e. 
sweating).
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Training in the heat at a given heart rate has therefore been suggested as a 
more suitable method for athletes [3]. Heart rate represents a global index of the 
cardiovascular stress imposed by the thermal stress and exercise (see above), 
and decreases rapidly with acclimation (Fig. 8.1). Thus training at a clamped 
heart rate accounts for the acute effect of heat stress via power output adjust-
ments, but then allows for maintaining a given level of cardiovascular strain as 
acclimation develops and power output increases at the pre-determined heart 
rate [3].

8.4.3  Individual Responses

There are large inter-individual differences in heat acclimation responses [40, 138], 
with some athletes acclimating in 1 week and others requiring 2 weeks or longer 
[121]. Although heat acclimation improves exercise capacity in the heat in a variety 
of populations including mine workers, military personnel, and athletes, an indi-
vidualised strategy may be required in elite athletes to truly optimise performance. 
For example, when analysing a soccer game in dry heat after 1 week of heat accli-
mation, some football players can have the same physical activity than they had 
1 week before in temperate environment, whereas other players from the same team 
have to dramatically reduce their physical activity [40]. Anecdotally, although the 
changes in performance following short-term acclimation may correlate to the 
changes in haematocrit during a heat-response test (Fig. 8.3), there is currently no 
test in temperate environment or resting blood measures allowing to quantify heat 
acclimation [27, 40, 41].

8.4.4  Decay and Re-acclimation

Early studies on miner usually working in hot ambient conditions [110, 139] or on 
soldier undergoing 12 days of acclimation [140] suggest that most adaptations are 
lost within 6–7 days without heat exposure. However, Robinson et al. [111] reported 
that 3 of 5 participants could still benefit from the adaptations induced by 23 days 
of heat acclimation 2–3 weeks after the end of the procedure, whereas two other 
participants lost most of their adaptations. This support the early study from Dreosti 
[7] suggesting that some heat acclimation benefits could be maintained for up to 
1 month after 14 days of heat acclimation. Although those early reports are informa-
tive, there is limited research available on the kinetics of heat acclimation decay. 
A recent systematic review and meta-analyses reported that despite athletes main-
taining some adaptations for several weeks after acclimation, the magnitude of 
those adaptations decreased daily by ~2.5% for heart rate and body core tempera-
ture during exercise [121]. Sweat rate showed a fast decay, but too little data was 
available to draw firm conclusions. Noteworthy is that the rate of decay may likely 
be slowed by training and regular heat exposure post-acclimation. Importantly, re-
acclimation during this period appears to be faster than the initial rate of acclimation 
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[121]. Thus, 4–5 days of re-acclimation could be enough to regain complete heat 
acclimation if undertaken within 1 month [141].

8.5  Conclusion

Repeated exercise-heat exposures induce heat acclimation, characterised by a series 
of physiological adaptations improving thermoregulation and reducing physiologi-
cal strain. These adaptations include an increase in sweat rate, a decrease in heart 
rate, and a decrease in core temperatures at a given exercise intensity. To obtain 
these adaptions, it is necessary to increase both whole-body temperature (i.e. core, 
skin, muscle, and tissue temperature), as well as stimulate profuse sweating. The 
adaptations improve exercise capacity in warm-hot environments and their transfer 
to temperate environments remains debated. Most adaptations can be obtained 
within a few days of daily heat exposure, but exercise capacity in the heat may 
improve optimally after ~2 weeks.
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9.1  Introduction

Training and competing for team sports in the heat places the body under an 
increased thermal load, influencing performance capacity and potentially leading to 
heat-related illness in extreme conditions. While football/soccer, Australian football 
(AF) and rugby are usually played in the cooler winter months, there are occasions 
where matches and major competitions are held in thermally challenging conditions 
[1, 2]. For example, of the 64 matches played in the 2014 FIFA World Cup in Brazil, 
16 were played under high environmental heat stress [wet-bulb globe temperature 
(WBGT) 28–33 °C] [1]. The professional football league in Australia (A-League) is 
held over the summer months. Similarly, during the Australian domestic AF season, 
the temperature and humidity can reach levels that place the players at a high to 
extreme risk of heat illness [2]. Players also train for the upcoming season in warmer 
temperatures and compete in pre-season competitions under hot and/or humid con-
ditions [3, 4]. It is therefore important to prepare players to tolerate exercise in the 
heat from both a performance and health perspective. This can be achieved through 
both adaptive mechanisms (i.e. heat acclimatisation) and by utilising acute strate-
gies to reduce heat strain such as pre-cooling and ensuring adequate hydration. The 
development and implementation of heat policies are also needed to protect players 
from severe environmental conditions.

Team sports performance is the product of a complex interplay between tactical 
(interaction with other individuals), technical (individual skills), physical (physio-
logical capacity) and psychological constructs [5, 6]. Each moment of the match 
involves a tactical decision and the execution of a technical skill that requires a 
specific physical movement. The effectiveness of this process is dependent on an 
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individual player’s readiness to perform (i.e. psychological state, fitness level, 
health and technical competency) within the context of the match. These constructs 
are then layered upon situational factors such as the opposition strength, win/loss 
margin and environmental conditions that combine to influence the outcome of the 
match. As presented in the conceptual model (Fig. 9.1), any change in an individual 
construct or situational factor can influence the overall team performance. Moreover, 
when these changes occur, a whole system adjustment must be made between the 
tactical, technical and physical performance aspects. This chapter examines how an 
added heat stress can affect each construct and provides insight into how players 
adapt their game style or utilise strategies to cope with the thermal load.

9.2  Influence of Heat on Performance and Health

Competitive success in team sports is dependent on a combination of tactical, 
technical, physical and psychological factors, all of which have been shown to be 
affected by the heat. In team sport, work demands are stochastic, consisting of 
explosive multidirectional movement patterns, sport-specific technical skills, run-
ning and collisions with varying and unpredictable recovery periods. Due to the 
self-paced nature, fatigue is characterised by a progressive reduction in work rate 
throughout the match. It is commonplace for the total distance covered in the 
second half of football, AF and rugby to be lower than the first [2, 8]. Players may 
also experience transient fatigue following intense periods of play [9]. As few 
studies have investigated the impact of heat stress on team sport in an ecological 
setting, it is difficult to have a complete understanding of how it affects match 
performance. Below is a summary based on research to date on how hot and/or 
humid conditions can influence tactical, technical, physical and psychological 
performance.

Individual
influences

Situational
influences

Team
Performance

Tactical
Performance

Physical
Performance

Technical
Performance

Fitness level
Acclimatisation
Hydration
Anthropometry
Player position
Technical competency
Tactical awareness

Ambient environment
Opposition game style
Cooling strategies
Heat policy

Fig. 9.1 Influences of heat stress on team sport performance. Adapted from Henderson et al. [7]
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9.2.1  Physical Performance

Physical performance during football, AF and rugby matches is highly variable and 
influenced by situational match-related variables, including the environmental con-
ditions [6, 10–13]. To date, few studies have investigated how an added heat stress 
affects the physical characteristics of team sport matches [1–3, 14, 15], and changes 
in activity profiles are still to be determined in rugby league and union. Based on the 
findings from comparisons between matches played in the heat versus temperate 
conditions in football and AF, evidence suggests that when in a hot environment, 
players modify their physical activity patterns to enable the maintenance of key 
physiological parameters that are critical to match performance [1, 3]. For example, 
in football total distance covered in a match played at 43 °C was 7% less than a 
match played at 21 °C [14]. Yet, sprint frequency and sprint distance covered in both 
matches was similar and in the heat, a more consistent pacing of high-intensity run-
ning was observed throughout the entire match. A similar result was found when a 
match was played in moderately hot (34 °C, 38%RH) compared to hot conditions 
(36 °C, 61%RH) [15], where no difference in sprinting or high-speed running was 
found between the matches. To achieve this, players reduced the amount of time 
spent jogging and increased their time spent walking in the hotter environment. 
Likewise, AF players competing in the heat have been reported to reduce the total 
distance covered but sustain high-intensity running performance and increase the 
number of accelerations [2]. Further evidence of players modifying physical perfor-
mance in the heat has been reported during the 2014 FIFA World Cup in Brazil [1]. 
During the competition, players were exposed to a range of environmental condi-
tions. When the physical activity responses to low, moderate and high levels of heat 
stress were compared, there was no difference in playing time, or total distance 
covered. Notably however, there was a reduction in high-intensity running distance 
associated with matches played in the heat. Collectively, these results suggest that 
team sport athletes modify physical activity patterns to ensure that they are able to 
perform high-intensity efforts when required. However, this conclusion is based on 
observational data from a small sample group of matches. Further well-controlled 
research is needed to establish whether these initial findings are consistent across 
football codes and different levels of participation.

9.2.2  Physiological Response

When players train and compete in hot and humid conditions, the metabolic heat 
created by the contracting muscle combined with the greater thermal load from the 
environment puts a considerable stress on the body’s thermoregulatory system. Heat 
stress can negatively affect many aspects of team sport performance including a 
player’s aerobic capacity [14, 16], cognitive ability [17], perception of effort [3], 
muscle force generation capacity and ability to perform repeat sprints [18, 19]. As 
players complete intensive physical training in hot conditions, coaches and support 
staff should be aware of the effect of heat exposure on the ability to perform 
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high-intensity intermittent exercise. Changes observed in the physiological response 
of team sport players when training and competing in the heat are summarised in the 
following sections.

9.2.2.1  Core Temperature
High-intensity intermittent running creates a large thermal load and can rapidly 
increase core temperature [20]. However, there can be little difference in the core 
temperature reached when matches are played in temperate or hot environments [2, 
3]. For instance, even in cooler conditions, core temperatures above 39  °C have 
been reported in professional AF players [2]. There is evidence of players altering 
physical activity patterns or applying pacing strategies to preserve physical capacity 
during pre-season AF matches in the heat [3]. Where after an initial rise in the first 
quarter, core temperature plateaued for the remainder of the match. Similarly, in 
semi-professional football players, core temperature peaked at the end of the first 
half and did not reach the same level again in the second half when matches were 
played in hot conditions [15]. Due to this lack of relationship between core and 
ambient temperature, it has been proposed that the amount of physical activity com-
pleted is more closely linked to rises in core temperature during matches than the 
environmental conditions [2, 3, 14, 21].

However, in extreme conditions body temperature can be significantly higher 
during team sport matches. When elite players completed a football match in very 
hot (~43 °C) conditions, both core and muscle temperature were significantly ele-
vated compared to a match in a temperate environment (~21 °C) [14]. As increases 
in whole-body temperature can lead to severe heat illness and injury (see Chap. 5), 
precautionary measures should be applied (i.e. additional drink breaks or schedule 
training for earlier in the day) to minimise the thermal load when training and com-
peting in a hot and/or humid environment.

9.2.2.2  Heart Rate
Changes in heart rate can provide insight into the cardiovascular response to a ther-
mal load. During steady-state exercise at a fixed workload in the heat, heart rate 
increases to counteract the reduction in stroke volume and to meet the higher 
demands on cardiac output [22]. This is also evident when high-intensity shuttle 
runs are completed at a standardised workload [20, 23]. Under heat stress, the heart 
rate response is higher than the equivalent work undertaken in temperate conditions. 
However, in team sport matches, where the players can self-regulate their physical 
activity, the resultant heart rate response in the heat is similar to matches that are 
played in a cool climate [14, 15]. Despite a ~22 °C difference in playing conditions, 
a very similar average and maximal heart rate was observed in professional football 
players [14]. Average heart rate during a match played at ~43  °C (hot) was 
158 ± 2 bpm, compared to 160 ± 2 bpm when the temperature was ~21 °C (temper-
ate). Although, total distance (hot: −7%) and the amount of high-intensity running 
(hot: 883 ± 45 m, temperate: 978 ± 97 m) completed in the heat was significantly 
reduced. Similar results were shown during a high-intensity intermittent running 
protocol where university-level football players continued to exercise regardless of 
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whether their prescribed velocities were met [16]. Whether the protocol was com-
pleted in a hot (30 °C, 50% relative humidity [RH]) or temperate (18 °C, 50%RH) 
environment, only a ~2 bpm difference was observed in average heart rate. Like the 
findings in actual football matches, total distance covered and high-speed distance 
were reduced by ~4% and ~8%, respectively, in the hotter conditions. Collectively, 
these findings suggest that rather than continuing to exercise at an unsustainable 
intensity under hot conditions, players adjust their workload to maintain a similar 
relative exercise intensity. This is in line with the observation that core temperatures 
of team sport athletes during matches are often alike, irrespective of the environ-
mental conditions [2, 3].

9.2.2.3  Sweat Rate
Evaporation of sweat is a primary thermoregulatory mechanism to dissipate heat 
and is dependent on the thermal gradient between the environment (i.e. temperature, 
humidity and wind speed) and the skin [24]. For team sport players, sweat losses 
can be considerable due to the high metabolic load of intense exercise, uniform 
requirements and their typically larger body mass [25]. Even in temperate condi-
tions, team sport athletes lose a significant amount of body water during exercise 
[26, 27]. This loss of fluid results in a reduction in plasma volume, placing greater 
strain on the cardiovascular system and can lead to accelerated increases in core 
temperature [16]. The sweat response can vary greatly between individuals. For 
instance, sweat rates have been reported to range from 0.3 L/h to 2.5 L/h in football 
players, 0.4 L/h to 2.0 L/h in rugby players and from 0.9 L/h to 2.1 L/h in AF players 
in a range of environmental conditions [25]. This variability in sweat loss during 
training and competition is explained in part by the intensity of exercise [21], fitness 
level [28] and acclimatisation status of the player [29].

Interestingly, while sweat rates for team sport athletes are higher in a hot envi-
ronment [14, 20], body mass changes are similar to games or training conducted in 
temperate conditions when fluid is available [2, 14, 20]. This suggests that players 
are able to increase their fluid intake accordingly when playing in the heat. For 
example, when an intermittent running shuttle test designed to replicate the physical 
demands of a team sport match was completed in a hot (~30 °C) and temperate 
(~20  °C) environment, the change in body mass was almost identical (hot: 
0.56 ± 0.20 kg, temperate: 0.59 ± 0.24 kg) as the players drank almost twice the 
amount of fluid in the hot trial (hot: 1.18 ± 0.12 L/h, temperate: 0.63 ± 0.07 L/h) 
[20]. It is important to note that even with restricted access to fluid during game 
conditions, football players were able to minimise body mass changes while play-
ing in the heat [14, 30]. These findings suggest that players are able to adequately 
hydrate during training and competition in hot and/or humid conditions.

9.2.2.4  Metabolic Response
Team sports are metabolically demanding, requiring a high rate of energy turn-
over to complete the multiple intense efforts, maximal sprints and accelerations 
required for success [31–33]. For players, an additional heat stress may place a 
greater reliance on anaerobic pathways for ATP regeneration [34]. Indeed, a 
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greater carbohydrate utilisation and higher rate of glycogenolysis have been asso-
ciated with exercise in the heat which can accelerate the accumulation of meta-
bolic by- products and lead to an earlier onset of peripheral muscle fatigue when 
exercising at a given workload [35]. However, in a practical setting, studies have 
not found a relationship between markers of metabolic fatigue and a reduction in 
team sport running capacity in a hot environment. While an indirect measure of 
anaerobic metabolism, no difference in the post-exercise blood lactate values have 
been found following either high-intensity intermittent shuttle runs [16, 20, 23, 
36], repeat sprint efforts [18] or during match play [14] in hot compared to tem-
perate conditions. These findings are in line with changes observed at a muscular 
level during repeated cycling sprints performed under heat stress [9] where an 
elevated core temperature (39.5 ± 0.2 °C) and reduced power output, accompa-
nied by a lower extracellular potassium, muscle hydrogen ion concentration and 
lactate accumulation, were observed following 5 × 15-s maximal sprints at 40 °C 
compared to 20 °C. Likewise, a link between an altered substrate use and high-
intensity exercise in the heat has not been found. When prolonged high-intensity 
exercise was completed in both hot (~30 °C) and temperate conditions (~20 °C), 
similar levels of plasma ammonia, plasma free fatty acids and blood glucose were 
measured [20]. In support of this finding, no difference in the amount of muscle 
glycogen depletion was observed between a football match played at 43  °C or 
21 °C [37]. Combined, these results suggest that an added environmental thermal 
load does not substantially affect the metabolic response to team sports matches 
as the effect of an increased temperature is negated by a reduced overall physical 
performance.

9.2.2.5  Neuromuscular Response
Peak speeds and sprint running distances during team sport matches are often 
maintained [2, 15], or even improved [1, 14] in hot conditions. This may be a 
physiological effect as increases in muscle temperature accelerate fibre conduction 
velocity, increase ATP turnover and cross bridge cycling rate to enhance sprint 
performance [38]. Improved sprint performance in the heat has been shown in 
isolated bouts of explosive and high-intensity exercise. For example, when rugby 
union [39] and rugby league players [40] wore passive heat maintenance jackets to 
maintain core temperature following a warm-up, peak power output in a counter-
movement jump and repeat sprint ability (6 × 40 -m shuttle sprints, 20-s passive 
recovery) were both improved compared to the control condition. Alternatively, as 
players typically reduce the amount of low-moderate intensity activity when com-
peting in the heat [1, 2], the capacity to perform maximal efforts at crucial time 
points throughout a match may be preserved. In support, neuromuscular testing 
prior to and following team sport matches in thermally challenging environments 
has shown that muscle function is unaffected by the conditions [3, 14, 37, 41, 42]. 
Players are able to maintain power output in single maximal efforts such as a verti-
cal jump [3], counter- movement jump [41], 30-m sprint [14] or a maximal volun-
tary contraction torque of the plantar flexors [37] when tested following a match in 
the heat. Moreover, if reductions in neuromuscular capacity occur, they appear to 
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be no different to the expected decrease after a match played in a temperate envi-
ronment. For instance, a similar decrease in repeat sprint performance (~2%), 
reduction in voluntary activation (~1.4%) and lower peak twitch torque of the plan-
tar flexors was observed following football matches played in either 43 °C or 21 °C 
[37]. These results are contrary to investigations that have assessed the neuromus-
cular response of team sport athletes during field-based tests of physical perfor-
mance. Where during prolonged high-intensity shuttle running, a significant 
heat-induced reduction in sprint performance has been reported [16, 23]. This 
observation is in line with the reductions in central nervous system drive, impaired 
neural recruitment and decreased muscle activation that are associated with hyper-
thermia-induced fatigue during sustained voluntary maximal isometric contrac-
tions [22]. These differing findings highlight the importance of assessing any 
changes in the neuromuscular response associated with the heat within the tactical 
and technical context of a match.

9.2.3  Tactical and Technical Performance

Skill level, decision-making ability and tactical awareness are key differentiators for 
success in team sport [43, 44]. While the physical characteristics of a player allow 
them to perform these actions, matches are not necessarily won by the fittest or fast-
est team. When competing in hot and/or humid conditions, technical performance 
parameters appear to be unaffected by the environment [1, 14]. For example, in 
football matches played under high heat stress, there was a higher success rate for 
all passes [1, 14] and a similar total number and length of passes and crosses [14]. 
This may be the result of slower game play, as in these matches a reduction in physi-
cal activity was also observed, either by reducing total distance [14] or the amount 
of high-intensity running completed [1]. In addition, the number of goals scored, 
actual playing time and the total number of penalty cards given were similar, sug-
gesting that these aspects of game play were unaffected by the environmental condi-
tions [1]. This is in line with observations during professional football matches in 
temperate conditions where technical actions and ball involvement are maintained 
despite declines in physical performance throughout the match [45]. However, these 
findings are based on highly skilful professional players who did not exhibit any 
hyperthermia-induced signs of fatigue. If hyperthermia-induced fatigue was present 
during a team sport match, it is possible that skill execution, cognitive function and 
decision-making ability could be impaired [46].

9.2.4  Cognitive Function

Tactical performance is closely linked to cognitive function as during matches play-
ers are continually processing task-specific information, evaluating movement pat-
terns within the context of the match and making behavioural adjustments 
accordingly [47]. Increases in core temperature during football matches played at 
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~34 °C and 64% RH have been associated with reductions in cognitive function 
[17]. Collectively, the results from a range of tests for viso-motor reaction time, fine 
motor speed and working memory revealed a slower, yet more accurate response 
after the match. Thermally challenging environments can also exacerbate mental 
fatigue and lead to further impairments of technical and tactical performance [46]. 
For example, when mental fatigue levels are high, speed and accuracy during 
football- specific decision-making skill [48], offensive and defensive technical per-
formance in small-sided games [49] and passing accuracy in a football-specific skill 
test [48] are all negatively impacted. While these findings provide examples of how 
an added heat stress can affect technical and tactical performance in football, they 
may not translate to other competitions, players or team sports. Moreover, a match 
outcome will only be impacted if one team’s technical and tactical capacity is 
affected more than their opponent. Nonetheless, they do show that increases in body 
temperature can compromise motor skill performance and cognitive functioning 
and suggest that players reduce physical workload to preserve technical and tactical 
parameters in hot conditions.

9.2.5  Health

When team sport training and competition are completed in thermally challenging 
environments, there is a potential increased risk of heat illness and injury [50, 51]. 
However, from the available published data, it appears that football, AF and rugby 
players are able to cope with hot and humid conditions without any adverse effects 
[1, 3, 14, 52, 53]. Despite players reaching core temperatures of above 40 °C, no 
signs or symptoms of heat illness were reported during AF matches in hot and/or 
humid conditions [2, 3]. Similarly, no heat-related illness or injuries were reported 
during major competitions including the 2003 Rugby World Cup [53] or the 2014 
FIFA World Cup [1], which were held in hot environments. These examples are 
from professional competitions however, where medical staff are well-prepared 
and educated on prevention strategies to reduce the likelihood of heat illness and 
injury. At a participation level, the early signs of heat stress may more easily be 
missed. Without immediate cooling interventions, players can then rapidly prog-
ress along the continuum of heat illness and injury to the more severe and poten-
tially fatal, exertional heat stroke. It is also important to note that heat-related 
illness and injury can occur in cool climates as the environmental heat stress is 
only one of several predisposing factors [50]. When players are unfit, unacclima-
tised, hypohydrated, have an infective illness, are wearing non-breathable cloth-
ing or have taken stimulants, they are more susceptible to heat illness and injury, 
regardless of the ambient conditions [50, 54]. It is therefore necessary to have an 
understanding of a player’s health status prior to training and competition. 
Additionally, all staff, officials and players should be educated on the early warn-
ing signs of heat strain such as dizziness, nausea or a headache [54]. 
Countermeasures such as acclimatisation, hydration and cooling can also help 
reduce the likelihood of heat illness and injury.
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9.3  Countermeasures to Optimise Performance and Health

9.3.1  Heat Acclimation

Football, AF and rugby players can naturally acclimatise by travelling earlier to a 
hot location before the match or acclimate by completing a block of training in an 
artificially heated environment [51]. To ensure the best outcome from the training 
block, players need sufficient exposure to the heat without compromising training 
quality or causing excessive fatigue. This can be achieved through carefully struc-
turing the training program. Generally, it is recommended that acclimation proto-
cols replicate the demands of team sport performance [55]. This allows players to 
experience heat in a situation that reflects their competitive environment and has 
the additional benefit of more easily integrating the heat stimulus into an existing 
training schedule [51]. One approach is to use natural heat exposure during skills-
based training, then complete resistance and high-intensity conditioning sessions 
in a cool environment [56]. Another is to use alternating days of heat training ses-
sions (i.e. intermittent exposure) to better fit into a player’s overall training load 
[57]. Other example strategies of how heat acclimatisation can be applied in team 
sport are outlined in Table 9.1. Forms of passive exposure, including saunas [59] or 
hot-water immersion [65], can also be used to further promote physiological adap-
tations to the heat.

Both short-term [61, 63, 66] and medium-term (8–14 days) [56, 67] heat accli-
mation protocols can improve physical performance parameters in team sport ath-
letes. A 7-day training camp in a hot environment (~39.8 °C, 27% RH) has been 
shown to induce thermoregulatory adaptions including plasma volume expansion, 
increased sweat rate and reduced sweat sodium concentration in semi-professional 
football players [51]. Similar signs of heat adaptation were observed in professional 
AF players living and training in a hot environment (~32 °C and ~39% RH) for 
14 days [56, 68]. However, travelling in advance to prepare for a competition is not 
always a practical option for teams. Short-term acclimation protocols (≤7 days) can 
provide a time- and cost-efficient alternative [66]. While the thermoregulatory adap-
tations are not as pronounced after a shorter exposure period, players have been 
shown to have an improved thermal tolerance following as little as four sessions in 
the heat [63].

9.3.1.1  Player Monitoring During Heat Acclimation
Heat places an additional stress on the body. Like any training stressor, how a player 
tolerates and adapts to the heat should be monitored, from both the perspective of 
assessing the thermoregulatory response and the management of a player’s well- 
being. Table  9.2 provides a summary of common measures used in team sport 
players.

Changes in exercise heart rate during standardised heat exposure provide valu-
able insight into how a player is responding to the increased thermal load. However, 
it can be difficult to distinguish between an adaptive or maladaptive state based on 
heart rate alone [69]. When assessing heat acclimatisation, it is important to 
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Table 9.2 Implementation of tools used in team sport to monitor training and adaptive responses 
to the heat

Monitoring tool Use
Interpretation / sign 
of heat acclimation When to measure Reference

Health and well-being
Psychometric 
questionnaires
i.e. rating of 
perceived fatigue, 
sleep, mood, 
soreness and 
stress scored on a 
5-point scale 
(1 = poor, 5 = very 
good)

Measure the 
perceived state of 
well-being

High ratings of 
wellness variables: 
Player is tolerating 
overall training stress
Low ratings of 
wellness variables: 
Player is not 
tolerating the overall 
training stress

Daily or prior to 
each key training 
session. The 
questionnaire 
should be 
completed before, 
during and after 
the heat 
acclimation 
period

Buchheit 
et al. [68]
Buchheit  
et al. [67]

Urine-specific 
gravity

Assess level of 
hydration

A high concentration 
of solutes in the urine 
indicates dehydration

Daily or at 
regular intervals, 
upon waking
Pre- and 
post-match or 
heat-response test

Aughey 
et al. [2]
Kelly 
et al. [57]
Kurdak 
et al. [30]

Body mass Assess fluid 
balance over 
consecutive days

Large daily 
fluctuations in body 
mass can indicate a 
player has not 
adequately 
re-hydrated following 
the previous session

Daily, upon 
waking

Racinais 
et al. [56]
Racinais 
et al. [51]

Sub-maximal 
running test
5′-5′ test: 5-min 
run at a fixed 
speed, followed 
by 5-min of seated 
recovery

Provides insight 
into changes in 
fitness and fatigue

Fatigue measure: 
Increased RPE
Fitness measure: 
Improved heart rate 
recovery

Complete as part 
of warm-up. 2–3/
week, or 3 
consecutive days 
at beginning and 
3 consecutive 
days at the end of 
protocol

Buchheit 
et al. [60]
Buchheit 
et al. [68]

Thermoregulatory adaptations
Heat-response test
i.e. 24–30-min 
walking at 5 km/h, 
24–30-min seated 
rest at 44 °C, 44% 
RH or 
standardised 
prolonged 
repeated sprint 
protocol

Lab-based test to 
directly measure 
thermoregulatory 
responses to rest 
and exercise

Reduced core and 
skin temperature, 
lower sub-maximal 
heart rate at the fixed 
work rate, higher 
sweat rate, reduced 
sodium concentration 
and reduced 
haematocrit 
percentage

Pre- and post-heat 
acclimation 
period. Can also 
re-test 1–2 weeks 
following to 
assess decay of 
adaptations

Brade 
et al. [62]
Kelly 
et al. [57]
Racinais 
et al. [61]
Racinais 
et al. [56]

(continued)
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Table 9.2 (continued)

Monitoring tool Use
Interpretation / sign 
of heat acclimation When to measure Reference

CO re-breathing 
test

Indirect measure of 
plasma volume

Plasma volume 
expansion

Pre and post-heat 
acclimation 
period. Can also 
re-test 1–2 weeks 
following to 
assess decay of 
adaptations

Buchheit 
et al. [68]
Racinais 
et al. [56]

Haemoglobin and 
haematocrit

Relative change in 
plasma volume

Decreased 
haemoglobin 
concentration and 
haematocrit 
percentage

Pre- and post-heat 
acclimation 
period. Can also 
re-test 1–2 weeks 
following to 
assess decay of 
adaptations
Daily measures at 
rest
Pre- and 
post-heat- 
response test

Buchheit 
et al. [60]
Philp 
et al. [64]
Racinais 
et al. [56]

Sub-maximal 
running test
i.e. 5′-5′ test: 
5-min run at a 
fixed speed, 
followed by 5-min 
of seated recovery

Field-based test to 
estimate heat 
adaptation

Reduced sub- 
maximal heart rate 
and increased heart 
rate variability

Complete as part 
of warm-up. 2–3/
weeks, or 3 
consecutive days 
at beginning and 
3 consecutive 
days at the end of 
protocol

Buchheit 
et al. [60]
Buchheit 
et al. [68]
Buchheit 
et al. [67]

Body mass
pre- and 
post-exercise and 
account for fluid 
intake during the 
session

Estimate sweat loss 
and sweat rate

A greater amount of 
body mass loss 
suggests an increased 
sweat rate

Pre- and post-heat 
acclimation 
period. Can be 
assessed more 
regularly to 
prescribe fluid 
intake for 
rehydration.

Aughey 
et al. [2]
Brade 
et al. [62]
Buchheit 
et al. [67]
Kelly 
et al. [57]
Philp 
et al. [64]
Racinais 
et al. [56]

Performance measures/fitness testing
YoYo intermittent 
recovery test

Assess high- 
intensity 
intermittent 
running 
performance

Increased distance 
covered during the 
test

Pre- and post-heat 
acclimation 
period

Buchheit 
et al. [60]
Racinais 
et al. [56]
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Table 9.2 (continued)

Monitoring tool Use
Interpretation / sign 
of heat acclimation When to measure Reference

30–15 intermittent 
fitness test

Assess high- 
intensity 
intermittent 
running 
performance

Improved peak 
velocity (VIFT)

Pre- and post-heat 
acclimation 
period

Philp 
et al. [64]

Match analysis Assess match- 
running 
performance

Similar physical 
activity profile to 
matches played in 
temperate conditions

Pre- and post-heat 
acclimation 
period

Racinais 
et al. [61]

Standardised 
training drills

Assess sport- 
specific running 
performance

Increased total 
distance and greater 
amount of high- 
intensity running

Pre-, during and 
post-heat 
acclimation 
period

Racinais 
et al. [56]

Repeated sprint 
efforts
i.e. 4 × 60-m runs 
with 30-s passive 
recovery

Assess 
neuromuscular 
efficiency

Improved 
neuromuscular 
efficiency index 
(accelerometer- 
derived ratio between 
velocity load and 
force load)

Pre-, during and 
post-heat 
acclimation 
period

Buchheit 
et al. [67]

Session monitoring
Record 
environmental 
conditions

Quantify thermal 
load

Heat training 
sessions

Buchheit 
et al. [60]
Racinais 
et al. [61]

Thermal comfort Assess perceptual 
response to the 
ambient 
environment

Improved thermal 
comfort

Heat training 
sessions

Kelly 
et al. [57]

Thermal sensation Assess perceptual 
response to the 
ambient 
environment

Reduced heat 
sensation

Heat training 
sessions

Brade 
et al. [62]
Philp 
et al. [64]
Racinais 
et al. [56]

Heart rate Internal training 
load measure

Average heart rate or 
prescribed heart rate 
for a constant rate 
training session

Field-based 
training and 
conditioning 
sessions

Buchheit 
et al. [60]
Racinais 
et al. [61]

Running volume 
and intensity

External training 
load measure

Total distance and 
high-intensity 
running

Field-based 
training sessions 
and running 
conditioning

Racinais 
et al. [56]

RPE:min Contextualise 
internal training 
load to external 
load

Increased ratio 
suggests increased 
level of heat strain

Field-based 
training sessions 
and running 
conditioning

Buchheit 
et al. [67]

(continued)
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contextualise changes in heart rate to the physical work completed or to the percep-
tion of effort. For example, standardised sub-maximal running [60, 67, 70] or train-
ing drills [56] can be used at regular intervals to track the time course of heat 
adaptation and ensure that players are adequately coping with the training stress. 
These field-based monitoring tests are practical to implement, repeatable, relatively 
non-fatiguing, time efficient and can be completed as part of the warm-up. Heart 
rate measures and rating of perceived exertion (RPE) during a 5-min run at a fixed 
speed, followed by 5-min of seated recovery (5′-5′ test) has been used throughout 
an in-season football [60] and a pre-season AF [70] heat training camp. A trend for 
average heart rate during the final 30 s of exercise (HRex) to decrease and heart rate 
variability to increase (HRV; logarithm of the standard deviation of instantaneous 
beat-to-beat R–R interval variability, log SD1, measured from Poincaré plots during 
the last 3  -min of recovery) as the camp progressed was associated with heat-
induced plasma volume expansion. Heart rate recovery (HRR; absolute difference 
between HRex the HR recorded after 60-s recovery) and RPE remained stable, indi-
cating a balanced fitness/fatigue status. Similar sub-maximal tests can be used as 
part of a warm-up before training sessions done in a heat chamber [71]. It is highly 
recommended to incorporate the test used for monitoring into the training schedule 
prior to the heat acclimation period. By having a better understanding on how play-
ers respond to training in a temperate environment, it will allow for a more mean-
ingful interpretation of the heat-induced changes.

A measure of both internal and external load should be taken to capture the over-
all training stimulus during heat acclimation. Otherwise, when conditioning ses-
sions, technical practise or competition are completed under hot and/or humid 
conditions, training stress can be over- or underestimated. For instance, if training 
load is quantified based on external load parameters alone, such a total distance 
covered, or time in specific velocity bands, practitioners may conclude that the 
training stimulus is lower in the heat as a player’s running output is reduced. To gain 
a more accurate understanding, it is also important to consider a measure of internal 
training stress, such as heart rate, or RPE when quantifying the training response, 
particularly when players are under a high thermal load. Heat-induced elevations in 

Table 9.2 (continued)

Monitoring tool Use
Interpretation / sign 
of heat acclimation When to measure Reference

Session RPE Quantify overall 
training load

Training time and 
associated post- 
session RPE

Each session Buchheit 
et al. [68]
Buchheit 
et al. [67]
Philp 
et al. [64]

HR-based TRIMP Quantify overall 
training load

Training time and 
associated average 
heart rate

Each session Buchheit 
et al. [60]
Racinais 
et al. [61]
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heart rate for a reduced mechanical workload are indicative of the greater training 
stress that occurs during exercise in hot compared to cooler environments [64]. 
Moreover, a reduction in internal training measures as the heat acclimation period 
progresses can be used as an indicator of thermoregulatory adaptation. For example, 
the average heart rate of AF players during a standardised training drill was reduced 
and external load measures (total distance and amount of high-intensity running) 
improved at the completion of a heat acclimation camp [56]. To a similar effect, 
RPE has been used to contextualise changes in training volume (m/min) [67]. For 
the first two sessions of a heat training camp, RPE:m/min ratio of footballers 
increased substantially, suggesting an increased perceived exertion for a given 
workload. The RPE:m/min ratio then followed a downward trend and stabilised 
after 5 days. This coincides with the 5–7 days it typically takes for the initial signs 
of heat acclimation to appear. These examples show how player monitoring can 
provide insight into the effectiveness of the heat acclimation period.

9.3.2  Hydration

Adequate hydration can minimise the effects of heat stress during training and com-
petition in football, AF and rugby [17, 50, 51, 72]. It is generally recommended that 
players drink 5–6 ml of fluid per kg of body mass every 2–3 h prior to training and 
competition [51]. As sweat rates can vary considerably between each person, it is 
suggested that hydration practices are individualised [21, 25]. Individualisation of 
fluid intake can be based on the intensity and duration of the match or training ses-
sion [21] or by using pre- and post-session changes in body mass to estimate fluid 
loss (as shown Table 9.1). To ensure that the fluid intake is sufficient, urine specific 
gravity (<1.020) and fluctuations in body mass (<1%) upon waking are useful mea-
sures to track hydration status over a period of days (see Table 9.1) [51]. Alternatively, 
for youth or players at a participation level, a urine colour chart can be an appropri-
ate tool to assess hydration [73]. The inclusion of additional drink breaks and rec-
ommended fluid intakes in heat policies highlights the importance of hydration to 
reduce the adverse effects of heat exposure [74, 75]. For example, the Australian 
Football League (AFL) suggests players consume 500–700  ml per quarter [75]. 
FIFA recommends players replace each kilogram of weight lost during training or 
matches with 1.2–1.5  L of fluid [74]. Moreover, when replacing sweat losses, 
replenishment of electrolytes should also be considered [51].

9.3.3  Cooling Strategies

Cooling strategies can be used in football, AF and rugby to improve heat storage 
capacity (pre-cooling), reduce exercise-induced increases in core temperature (mid- 
cooling) and accelerate recovery (post-cooling). While the evidence supporting 
improved performance in a competitive team sport setting has been equivocal, it is 
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prudent to provide access to cooling from a heat-illness prevention perspective, par-
ticularly for players who are unacclimatised to hot conditions [58, 62]. To optimise 
performance, it is also important to balance the effects of pre-cooling and ensuring 
that players are adequately warmed-up [76], as excessive external cooling may neg-
atively impact muscle function and speed [77]. The summary below outlines exam-
ples of cooling interventions that can benefit training and competition in the heat 
and be incorporated into a player’s schedule. More details on cooling are available 
in Chap. 7.

Pre-cooling: A mixed method approach to cooling with both internal (i.e. ice 
slurry) and external (i.e. ice vest, cold pack and iced towels) techniques applied for 
20–30-min prior to warming up [78, 79]. Provide access to fans, spray bottles, 
shaded area and/or air conditioning.

Mid-cooling: Drinks should be provided at less than 15 °C to assist with absorp-
tion [80]. At half time, reapply ice vest, cold pack and iced towels [78]. Provide 
access to fans, spray bottles and either a shaded area, a cool room and/or air condi-
tioning [75]. On interchange bench, provide fans, spray bottles and shade [75]. 
Substitute players should also have access to fluids and ice [80].

Post-cooling: Cold water immersion or cold showers can be used to quickly 
reduce the core and skin temperature of players [81].

9.4  Heat Policy and Implementation

Players and officials are susceptible to heat illness and injury when training and 
competing in the heat. By outlining preventative measures in heat policies, the gov-
erning bodies of football, AF and rugby aim to reduce this risk. These policies con-
sider both the environmental conditions and each individual player’s capacity to 
tolerate heat stress and then provide strategies to reduce heat exposure, such as the 
rescheduling of games and countermeasures to minimise the impact of hot and 
humid environments. For example, the Australian National Rugby League (NRL) 
employs the Sports Medicine Australia guidelines to determine the appropriate 
game day intervention [82]. Based on a combination of external factors such as the 
ambient environment, duration and intensity of the exercise, availability of fluid, 
playing facilities, access to medical staff or first aid and the individual player char-
acteristics (i.e. age and fitness level), the match may be postponed. Common coun-
termeasures to heat stress across the federations include the provision of additional 
drink/cooling breaks [74, 80, 82] or other approaches, such as an increased number 
of on-field water carriers [75] to ensure ample drinking opportunities for players. 
A  strong emphasis on player preparedness and education is also present, where 
players are encouraged to begin the match or training session well-hydrated, utilise 
cooling inventions and be aware of, then seek medical help at the first signs of heat 
distress [74, 75, 80].

Considering the commercial impact of rescheduling or cancelling a professional 
match, it is important that robust heat policies are in place to protect the welfare of 
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players. World Rugby [80] and the AFL [75] provide the most comprehensive poli-
cies that outline the responsibilities of the player, team officials, medical officers 
and event organisers to manage thermal load during both training and competition. 
The AFL policy also advocates that clubs should continue to research the effect of 
heat stress and management strategies for players [75]. In comparison, the FIFA 
[74] and NRL policies are quite brief and centred on heat management strategies 
during competition. Another key difference between the policies is how the level of 
heat risk is assessed. FIFA [74] and the NRL [82] utilise a WBGT of 32 °C and 
30 °C, respectively, to consider measures to minimise heat illness and injury. World 
Rugby uses a heat stress index of 150 to signify when the interventions outlined in 
the heat policy should be implemented [80]. The AFL does not specify exact criteria 
that determine when additional heat management strategies are warranted. Instead, 
it is under the discretion of the event organiser to base the decision on the informa-
tion provided by the Australian Bureau of Meteorology [75]. It is difficult to com-
ment on the most appropriate approach to assess when the environmental conditions 
become severe enough to activate a heat policy, as there is little published informa-
tion on the incidence of heat-related illness and injury during matches. In the future, 
greater collaboration, surveillance and reporting of all cases of heat illness and 
injury ranging from mild to severe in these sports will assist in better understanding 
the potential mechanisms of heat stress. Based on this knowledge, improved preven-
tion and management of strategies can then be developed.

9.5  Conclusion

Football, AF and rugby players can gain a competitive advantage in hot conditions 
by being able to better tolerate an added heat stress. This can be from the strategic 
application of cooling interventions or by being well-acclimatised to enable the 
maintenance of match-running performance in hot environments. Consecutive days 
of heat exposure during on-field training sessions is an effective acclimation method 
in team sports. Although, due to the variable nature of these sessions it is important 
to closely monitor and track individual responses to the increased thermal load. This 
ensures that players are receiving a sufficient heat stress and adapting appropriately. 
Moreover, to reduce the likelihood of heat-related illness and injury during both 
training and competition, players, support staff and coaches should be educated on 
the early warning signs and have the facilities (i.e. fans, ice, fluids and shaded areas) 
to quickly cool players if required. In general, it appears that in football, AF and 
rugby, players can adequately manage heat stress as severe heat illness and injury 
are rarely reported. This is in line with initial evidence that suggests players reduce 
their physical activity outputs during matches in hot conditions in response to an 
increase in thermal strain, which preserves the capacity to execute tactical strategies 
during key moments of the match. However, further well-controlled, field-based 
studies are needed to confirm if these findings occur across football codes and in 
different levels of participation.
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10.1  Introduction

American football is the most popular televised sport in the USA.  Teams of 
11   players perform sets of intermittent activity, called “downs,” attempting to 
advance the football down of a 100-yard (91.44 m) field. Each down is culmi-
nated by either a team scoring, an incomplete pass to a receiver, or a runner with 
the ball being tackled to the ground. Most downs are completed within a matter 
of 4–6 s, resulting in a high velocity game [1]. The construct of gameplay varies 
depending on the level of competition and consists of four quarters that are 
12–15 min in length with a 12–20 min half-time rest period separating quarters 
two and three.

American children begin playing the sport as early as 5 years old and can advance 
all the way to professional American football in the National Football League. Most 
American secondary schools and colleges also field interscholastic teams. Being a 
Northern hemisphere fall sport, most teams begin training during the warmer sum-
mer months. Many teams have historically utilized this time of year to conduct the 
hardest training sessions and to practice multiple times in 1 day [2].

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-93515-7_10&domain=pdf
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The combination of athletes of large body mass, warm environmental conditions, 
heavy protective equipment, and intense exercise has created situations where heat 
illnesses are a serious concern for medical staffs and coaches. The danger of these 
combined circumstances can be highlighted by the high-profile death of National 
Football League player Korey Stringer [3]. Similarly, athletes at both the secondary 
school and collegiate levels of American football die every year from exertional 
heat stroke, typically during summer pre-season training [4]. Epidemiological data 
shows that 54 American football players (42 secondary school, nine collegiate, two 
professional, and one sandlot) have died from EHS between the years of 1995–2014 
[5]. Since nearly all heat related problems that American Football players experi-
ence occur during training, activity modifications and other preventative manners 
can greatly decrease risk if they are understood and implemented by coaching, 
training, and medical staffs.

Given the unique characteristics of American football (i.e., physical characteris-
tics of these athletes, timing of their competitive season, and physiological demands 
of the sport), environmental heat stress can have detrimental effects on both athlete 
safety and performance. Acknowledging the factors that predispose these athletes to 
heat stress is essential for mitigating risk and optimizing performance in the heat. 
This chapter will focus on the physical characteristics of the American football ath-
lete and discuss the influence that environmental-based activity modifications, heat 
acclimatization, hydration, body cooling, sleep, and protective equipment have on 
safety and performance during participation in the heat. At the conclusion of this 
chapter, the authors will also discuss some strategies that can be utilized in American 
football to keep athletes safe and performing at an optimal level (Fig. 10.1).
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Environmental
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Dehydration

Physiological
Characteristics

Reasons for
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Heat
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Environmental-
Based Activity
Modifications
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Hydration

Plans

Strategies to
Mitigate Heat
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Fig 10.1 Factors responsible for increased heat stress and subsequent strategies to mitigate asso-
ciated risk factors in American football
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10.2  Physical Characteristics of Football Athletes

American football athlete’s anthropometrics vary based upon the positions they 
play, with most American football players playing only one position. Example 
anthropometrics by position are presented in Fig. 10.2. Skilled position players like 
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the quarterback, kicker, and punter are typically leaner as their positions require 
more technique. Wide receivers and the defensive backs who try to prevent them 
from catching the ball are typically the tallest and fastest players on the field [6]. 
Running backs and line backers typically have stockier builds but remain highly 
athletic [6]. Finally, offensive and defensive linemen are the largest players on the 
field, relying on strength, power and technique more than pure athleticism.

While all American football athletes face the challenges of training in warm 
environmental conditions, linemen face a unique challenge as a result of their size. 
American football lineman have been observed to have a high internal body tem-
perature during exercise [7] and are at an increased risk of exertional heat illness 
[4], which can be attributed to several factors. Linemen in comparison to other 
players possess increased body fat, lower surface area to body mass ratio, and 
lower aerobic capacities [8]. This increases the metabolic demands of a given 
activity while concomitantly decreasing the ability to dissipate heat. Furthermore, 
since they do not move as quickly as skilled positions, a lower convective airflow 
leads to lower heat loss potential despite an increased sweat production and skin 
wettedness [9, 10]. The anthropometric features of linemen can also affect hydra-
tion. Linemen have been found to have higher sweat rates independent of meta-
bolic heat production [10]. Interestingly this still typically only yields mild 
dehydration with the frequency of water breaks that has become commonplace 
during practices [8].

10.3  Environmental Considerations and Activity 
Modifications

Meteorological conditions are an extrinsic factor that can affect an athlete’s ther-
mal environment and thermal response. There are multiple approaches for mea-
suring environmental heat stress but the wet bulb globe temperature (WBGT) is 
the most widely endorsed for use in an athletics setting, including American foot-
ball [11, 12]. This index integrates the influences of key weather variables affect-
ing the human heat balance including ambient air temperature, humidity, radiant 
heating, and wind speed via a weighted average of the wet bulb temperature (WB), 
globe temperature (GT), and the dry bulb temperature (DB) in the following 
equation:

WBGT = 0.7 WB + 0.2GT + 0.1DB

The WBGT is often coupled with guidelines that adjust other factors such as 
length/intensity of physical activity, modification of work-to-rest ratios, and altera-
tion of clothing/protective equipment worn during activity. Activity modification 
guidelines developed by the American College of Sports Medicine (ACSM) are 
frequently used to guide heat safety policies for many sports in the USA [11]. 
American football specific heat safety guidelines have also been developed by the 
Georgia High School Athletic Association (GHSA) that incorporate activity modifi-
cation and equipment adjustments with changes in WBGT [13] (Table 10.1).

Several epidemiological case studies of American football players show strong 
associations between WBGT and variations in heat injury occurrence and provide 

W. M. Adams et al.



207

support for the use of WBGT as a useful heat exposure metric. The most extensive 
research has examined exertional heat injuries (EHIs) among collegiate-level 
American football players. A study of five Division I universities in the Southeastern 
United States during the late summer and early autumn 2003 collected data on 128 
EHIs (e.g., exercise-associated muscle cramps, heat syncope, and heat exhaustion; 
no exertional heat strokes) from 26,993 athlete exposures with associated WBGT 
measurements [14]. Incidence rates per 1000 athlete exposures (AEs) increased 
markedly from approximately 1 in the “moderate” (18–23 °C) to near or over 6 for 
“high” (23–28 °C) or “extreme” (>28 °C) risk categories. Further, all of the heat 
exhaustion and heat syncope incidents occurred in the “high” or “extreme” WBGT 
categories. Building upon this work, Cooper et  al. developed a more expansive 
4-year study of 60 US colleges and universities (553 EHIs over 365,810 athlete 
exposures) spread across five geographic regions [14]. They observed that injury 
rates for the more serious heat illnesses (i.e., heat syncope and heat exhaustion) 
increased with higher WBGT risk category. EHI rates per 1000 AEs were 0.23 for 
WBGTs <27.8 °C, 1.34 for WBGTs between 27.9–30.0 °C and 30.1–32.2 °C, and 
over 4 for WBGTs ≥32.3 °C [14].

There is more limited research on environmental conditions and heat injuries 
among secondary school and youth athletes. A 3-year study (2009–2011) investi-
gated EHIs among secondary school football players in the state of Georgia, USA, 
found that EHI rates increased for WBGTs over 27.8 °C with a peak in the 30.1–
32.2 °C range; EHI rates, however, decreased for WBGTs ≥32.3 °C as many schools 
limited or cancelled practice activities under these conditions [15]. Furthermore, in 
a 3-month study of American football players at 12 Florida high schools, Tripp et al. 
found that almost three-quarters of EHSs (73.7%) occurred with WBGTs consid-
ered “high” (23–28 °C) or “extreme” (>28 °C) risk [16]. There are no similar studies 
of youth football players but Yeargin et al. noted that almost half of youth football 
events occurred under conditions that would warrant an EHI concern based on 
ACSM WBGT activity modification criteria [17].

Table 10.1 Environmental-based activity modification policy developed by the Georgia High 
School Association (GHSA) with American football specific guidelines [12]

WBGT (°C) Activity guidelines and rest break guidelines
<27.78 Normal activities—Provide at least three separate rest breaks each hour with a 

minimum duration of 3 min each during the workout
27.78–30.50 Use discretion for intense or prolonged exercise; watch at-risk players carefully

Provide at least three separate rest breaks each hour with a minimum duration of 
4 min each

30.50–32.17 Maximum practice time is 2 h. For football: players are restricted to helmet, 
shoulder pads, and shorts during practice and all protective equipment must be 
removed during conditioning activities. If the WBGT rises to this level during 
practice, players may continue to work out wearing football pants without 
changing of shorts. For all sports: Provide at least four separate rest breaks each 
hour with a minimum duration of 4 min each

32.17–33.33 Maximum practice time is 1 h. For football: no protective equipment may be 
worn during practice, and there may be no conditioning activities. For all sports: 
There must be 20 min of rest breaks distributed throughout the hour of practice

>33.33 No outdoor workouts. Delay practices until a cooler WBGT level is reached

WBGT wet bulb globe temperature
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Finally, Grundstein et al. performed a retrospective analysis of 58 fatal exertional 
heat stroke (EHS) cases of American football players, including youth, collegiate, and 
professional levels. Median exposure WBGTs were high during these incidents at 
27.7 °C for morning practices and 30.2 °C for afternoon practices [4]. In a follow- up 
study, Grundstein et al. found that relative environmental conditions were also impor-
tant, reflecting the role of local acclimatization. In mild climates (e.g., Northern por-
tions of the USA), 80% of fatal EHSs had above average WBGTs and 50% had 
WBGTs that were one standard deviation from the local long-term mean. In compari-
son, half of the incidents in hotter climates (e.g., Southern United States) occurred 
with WBGTs that were near or below normal, as even typical conditions in these areas 
are sufficiently hot and humid to cause heat stress [18]. Given this evidence, proper 
policies should be adopted and implemented across all levels of American football 
that utilizes region specific environmental conditions to establish graded levels of 
activity modifications to enhance athlete safety and performance in hot conditions.

10.4  Heat Acclimatization

Heat acclimatization describes the process of obtaining physiological adaptations to 
heat stress that results in decreased exercising heart rate and internal body tempera-
ture, increased plasma volume, increased sweat efficiency, and increased work 
capacity [19, 20]. Induction of heat acclimatization requires one to exercise for 
approximately 7–14 consecutive days in a hot environment and under a moderate to 
vigorous intensity training load that would induce an elevation of internal body 
temperature (≈38.5–39.5 °C), skin temperature, and sweat rate for ≥60 min [19, 
20]. Superior outcomes in protocols longer than 14 days have been reported, which 
is required to achieve 95% of the physiological adaptations [19, 20].

The physiological adaptations observed following induction of heat acclimatiza-
tion permit performance benefits primarily via cardiovascular and thermoregulatory 
adaptations. These are characterized by plasma volume expansion, decreased exer-
cising heart rate, the leftward-shift in sweat onset response (i.e. the onset of sweating 
begins at a lower internal body temperature) and increased sweat rate that will 
enhance evaporative heat losses, if the extent of dehydration during activity is mini-
mized [20]. These responses also lead to reduced propensity to exertional heat illness 
by providing cardiovascular and thermoregulatory stability during exercise [20]. For 
further details regarding heat acclimatization, please refer to Chap. 8 in this text.

In the USA, the governing bodies overseeing American football at the secondary 
school, collegiate, and the professional levels have implemented heat acclimatiza-
tion guidelines [21–23]. Although the extent of implementation is currently limited 
in the secondary school setting, a roughly 50% reduction in overall exertional heat 
illness incidence was observed in eight states that mandated the guidelines in the 
secondary school setting [24, 25]. While there are a series of progressive guidelines 
established at the secondary and collegiate setting (Table  10.2) to facilitate heat 
acclimatization, the professional league in the USA (National Football League) 
only recommends altering the schedule of practices to avoid the hottest times of the 
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day, providing more rest between practices and altering the activities occurring dur-
ing practice during the first 2–3 days of preseason training.

10.5  Hydration

The maintenance of a normal level of hydration is essential for the physiological 
processes that sustain life. Throughout the day, the regulation of total body water is 
tightly controlled within the body via neural, hormonal, and osmotic responses, 
which allows the body to remain in a state of euhydration. However, during exer-
cise, particularly in hot environmental conditions, fluid balance and homeostasis is 
often disrupted, which can adversely affect athletic performance and safety in exer-
cising individuals. Body water losses during exercise, particularly when losses 
exceed 2% of body mass, exacerbates cardiovascular and thermoregulatory strain 
[27–30], impairs musculoskeletal and cognitive performance [31–33], and increases 
the risk of exertional heat illness [11, 12, 34]. Refer to Chap. 6 for further details on 
hydration in sport and exercise.

The sport of American Football poses unique challenges surrounding minimiz-
ing fluid losses during activity. Factors such as the size of the athlete (i.e., body 
surface area and overall mass of the athlete), protective equipment worn during 
participation, the commencement of the competitive season starting in the summer 
(Northern hemisphere) months which exposes athletes to potentially severe heat 
stress, and position specific responsibilities of the athletes all contribute to the abil-
ity of the athlete to mitigate the dehydration-mediated performance and safety risks 
[9, 35–38]. Prior literature shows that average sweat rates vary from 1.6  L/h to 
2.3 L/h and are dependent upon player position, with linemen exhibiting greater 
sweat rates than backs [39]. In addition, research examining the hydration practices 
of secondary school, collegiate, and professional American football players’ hydra-
tion strategies has found that these athletes are persistently in a state of hypohydra-
tion and are unable to replace the fluids necessary to return to baseline hydration 
levels [37–40]. Due to the propensity of these athletes remaining in a state of hypo-
hydration during and following participation, this evidence suggests that American 
football athletes may be at greater risk for performance deficits and onset of exer-
tional heat illness.

Establishing hydration strategies and guidelines for American football athletes 
should take an individualistic approach as generalized guidelines [41] are not appro-
priate and may inadvertently place athletes at risk for other potentially serious medi-
cal conditions such as exertional hyponatremia [42]. Calculation of individual sweat 
rates is an efficient method for determining the volume of fluid that athletes should 
consume during activity. Coupled with the unlimited access to fluids during activity 
creates an optimal environment for athletes to optimize both safety and performance 
while competing in hot environmental conditions.

Current recommendations indicate that athletes should begin activity in a euhy-
drated state, minimize fluid losses during physical activity to prevent fluid losses 
that exceed 2% of body mass loss, and replace the remaining losses following 
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activity in preparation of the next bout of exercise [43]. With the variability in sweat 
rates in American football athletes, it may not be feasible to keep fluid losses under 
2% of body mass loss during activity. For example, high sweat rates (i.e., >2–2.5 L/h) 
that are unmatched to the fluid absorption capacity of the gastrointestinal tract will 
result in dehydration. In these instances, it is still imperative that athletes minimize 
fluid losses during exercise to reduce physiological strain during activity and com-
plete activity with a lesser degree of dehydration. Establishing procedures where 
American football athletes track pre- and post-activity body mass allows for the 
determination of fluid needs for the subsequent bout of training or competition.

10.6  Body Cooling

Prior research examining the effect of protective equipment, body mass size, and 
player position has found that American football athletes exercising in hot and 
humid environmental conditions with full protective equipment were more likely to 
experience uncompensable heat stress, an earlier onset of fatigue and exaggerated 
perception of effort [35, 44]. Furthermore, athletes with a greater body mass, par-
ticularly linemen, are at greater risk of exertional heat illness that results from a 
combination of greater metabolic heat production and reduction of convective heat 
losses [8, 9]. From this evidence, the utility of body cooling during American foot-
ball is of particular interest for enhancing safety and optimizing performance. Refer 
to Chap. 7 for further details on heat stress, exercise, and body cooling.

Body cooling has been extensively studied from both a performance and safety 
perspective during exercise in hot conditions. The utilization of body cooling prior 
to and during exercise has relayed convincing evidence supporting its performance 
enhancing effects [45–47]. Furthermore, from a clinical perspective, the treatment 
of EHS requires immediate, aggressive, whole-body cooling using a cooling modal-
ity with a cooling rate >0.155  °C/min to ensure survivability from this medical 
emergency [9, 11, 12, 48, 49]. When considering body cooling options for optimiz-
ing performance, Adams et al. provide three basic parameters that must be exam-
ined: what sport and type of activity (i.e., training or competition) is taking place, 
when is it most feasible to utilize body cooling (i.e., prior to competition, during 
competition, or during defined breaks such as half-time in competition), and what is 
the best cooling modality to use to elicit maximal benefit [50].

Body cooling during training and conditioning sessions (as compared to compe-
titions) is logistically more feasible to manage as body cooling procedures do not 
have to fall within the confines of game flow logistics, space, and feasibility. The 
flexibility allotted during training and conditioning allows for a multi-faceted 
approach for the attenuation of body temperature during activity. Designing training 
and conditioning sessions to include body cooling breaks in designated shaded body 
cooling stations, unlimited access to cold fluids for hydration and modification of 
work-to-rest ratios based on environmental conditions allows an optimal environ-
ment focused on athlete safety. Furthermore, inclusion of active cooling modalities 
such as rotating cold/wet towels, cold water immersion (CWI), immersion of hands/
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forearms and elbows in ice water, cooling vests and misting fans can supplement the 
aforementioned strategies to further enhance body cooling capabilities. While CWI 
should be onsite to treat EHS due to its unparalleled effectiveness [51, 52], the other 
body cooling options identified above might be more conducive depending on the 
flow and logistics of the training and conditioning session when cooling is being 
used for preventative reasons or to enhance performance.

Body cooling considerations for American football competition are also very 
unique. The evidence from Bongers et  al. [47, 53] and Wegmann et  al. [54] has 
shown the benefit of pre-cooling, as long as the pre-cooling option is an effective 
cooling modality (e.g., cold water ingestion, mixed method cooling, cooling vests, 
etc.) (Fig. 10.3). Lopez et al. and DeMartini et al. have shown that not all modalities 
have the same level of cooling potential [55, 56], thus requiring careful consider-
ation as to what cooling modalities are (1) most logistically feasible for use during 
an American football competition and (2) which cooling modalities are going to 
offer the best cooling potential. During competition, body cooling can take place 
prior to the start of the competition, during competition, and during the half-time 
period of competition. Pre-cooling can occur during warm-ups (e.g., linemen using 
cooling vests) or during the time period post warm-up when the teams are back in 
the locker room prior to the start of the competition (e.g., cooling fans, cooling 
towels, etc.). If a quality warm-up can be performed with minimal influence on the 
athlete’s body temperature, then the body cooling has been effective. Cooling 
options during the competition will have to be confined to items that can be used on 
the sideline. Beyond the obvious methods such as removal of equipment (i.e., hel-
mets, gloves, etc.), hydrating with cold beverages, moving to shaded area, prior 
research has shown the potential benefits for active cooling (e.g., cooling fans, cool-
ing towels) during the flow of the game (i.e., when offense is on the sideline and 
defense is on the field) (Fig.  10.3) [47, 53]. The half-time of American football 
(~12–20 min) offers a unique opportunity for body cooling. Athletes may cool the 
body by equipment removal, CWI, and other cooling options (e.g., cooling towels) 
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that would be of benefit from the opportunity to having access to a greater body 
surface area while the athlete is without equipment. Supporting evidence has also 
shown benefit from an endurance performance perspective when cooling was uti-
lized during designated breaks in activity [57].

10.7  Sleep

Sleep is a primal necessity for life and is responsible for regeneration of energy 
stores, regulation of stress-based hormones, and improvements in neural plasticity 
[58–60]. In the context of sport and physical activity, sleep is important for the opti-
mization of performance and safety [61, 62]. Evidence suggests that partial (sleep 
≥4 h <8 h) and long-term sleep deprivation (46–72 h) are indicative of motor- and 
cognitive-related performance deficits [61, 63]. Sleep loss has also been identified 
as a predisposing factor for exertional heat illness [11, 12], which may be due to the 
altered thermoregulatory effector responses (i.e., changes in the threshold and sen-
sitivity of local sweating and cutaneous vasodilation) that occur with sleep loss 
[64–67]. However, it must be noted that the findings on the effects of sleep depriva-
tion on whole-body temperature responses remain equivocal [68, 69]. For American 
football athletes, it is recommended that 7–9 h of sleep is achieved on a nightly basis 
to allow for restoration of daily and exercise-related stressors to optimize perfor-
mance and reduce risk for alteration of body temperature regulation during exercise 
in the heat.

10.8  Equipment

Due to the high-speed collisions of the sport, substantial protective equipment is 
required to minimize the risk of serious injuries. All players wear helmets, shoulder 
pads, thigh pads, knee pads, and hip pads both during games and most practice ses-
sions. These pads can significantly alter the microenvironment experienced by play-
ers and lead to uncompensable heat stress. Typical ensembles cover a majority of 
the skin surface and decrease convective and evaporative heat loss [70]. Individuals 
wearing football uniforms and equipment during exercise in the heat had signifi-
cantly decreased time to exhaustion and increased rates of rise of rectal and skin 
temperature, even when only wearing a partial ensemble of equipment [35, 44]. A 
key strategy to decrease the strain of football in the heat is to minimize the amount 
of equipment required for the given training activity.

10.9  Educational/Clinical

Effectiveness of Policy Change Specific to Heat Illness While it is not possible to 
prevent 100% cases of exertional heat illness occurring during sport or physical 
activity, especially in American football, there are a multitude of steps that can be 
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taken to mitigate risk. Developing policies that are grounded in scientific evidence 
have proven successful in reducing the risk of conditions such as EHS. One such 
example is the adoption and implementation of heat acclimatization policies for pre-
season training within American football. Given the start of the season occurring in 
August in the Northern hemisphere, athletes subjected to potentially extreme heat 
stress and the benefits allotted from heat acclimatization can be protective for the 
athlete [71]. Specifically, the implementation of heat acclimatization guidelines at the 
secondary school level has shown a ~55% reduction in the incidence of EHS [25], 
which further supports the effectiveness of heat acclimatization and reducing risk.

On-field Heat Illness Prevention Strategies Prevention of exertional heat illness 
starts with identification of modifiable risk factors that contribute to increased ther-
mal strain, excess heat gain, impede heat dissipation, or hamper adequate recovery. 
The following section will list four strategies that American football teams can 
implement to prevent exertional heat illness and optimize performance in the heat.

 1. Priming physical fitness. Physical fitness, particularly cardiovascular fitness, 
contributes greatly to one’s thermal-tolerance during exercise [20]. Priming 
physical fitness well before the warm season has been shown to adequately sup-
port the heat acclimatization response in runners, which can also be applied in 
American football players [72]. As physical characteristics of American football 
athletes greatly differ by position, special considerations must be placed when 
forming the training regimen (i.e., linemen should not be expected to complete 
similar training as wide receivers).

 2. Active body cooling. Active body cooling is a direct method to attenuate excess 
heat gain during exercise. The protective equipment required for participation is 
a unique aspect of American football that warrants special consideration in 
choosing body cooling modalities [50]. Establishing body cooling procedures 
for American football athletes should consider the timing of body cooling both 
training (e.g., having designated cooling breaks during training) and competition 
(e.g., prior to the start of competition, during half-time and sideline cooling dur-
ing offensive/defensive sides), and type of cooling modality that is most effective 
(as determined by the modalities overall cooling rate) for athlete safety and per-
formance optimization [50].

 3. Environmental monitoring. Avoidance of continuous exercise during extreme heat 
can be achieved through environmental monitoring. Epidemiological study sug-
gests high correlation between the incidence of exertional heat illness when the 
WBGT exceeds 28 °C [14]. Measurement of the environmental conditions should 
be taken at the location of activity since the values collected at the nearest weather 
station are likely to differ from the microenvironment of the athletic venue [73].

 4. Hydration. Dehydration directly affects thermal-tolerance by elevating the inter-
nal body temperature [74]. Typical sweat rates among American football players 
have been shown to be ≈2 L/h, predisposing athletes to a potential to sustain high 
levels of dehydration if fluid losses are not minimized [7]. Since the intermittent 
nature of typical American football training and competition offers frequent 
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opportunities to rehydrate, each athlete should monitor the change in body 
weight before and after practice to recognize the adequate and appropriate 
amount of fluid needs during and following activity.

The success of aforementioned strategies relies on organizational support. For 
example, identification of at-risk individual through physical examination and fit-
ness testing (e.g., maximal oxygen consumption test) will help identify individuals 
with previous history of exertional heat illness and low physical fitness, which is 
vital information to be shared among the coaching and medical staff to make sys-
tematic decisions in providing individualized interventions in the team sport setting 
to minimize risk. Likewise, predetermined policies and procedures for training dur-
ing extreme heat regarding heat acclimatization and environmental monitoring will 
allow safe and efficient scheduling of practices that allows adequate heat exposure 
to induce heat acclimatization while averting performance decrements from excess 
heat exposure.

10.10  Summary

The physical demands, athlete demographics, protective equipment requirements, 
and the timing of year in which the sport is played elevate the risk profile for 
American football in terms of susceptibility of heat illness. Implementation of pre-
vention strategies such as heat acclimatization, environmental-based activity modi-
fications, individualized hydration strategies, and body cooling optimizes the health 
and performance of the athletes competing in this sport.
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11Tennis in the Heat

Michael F. Bergeron

11.1  Introduction

The heat is a formidable opponent for tennis players at all levels of competition. 
Extensive sweating prompting measurable body water and electrolyte deficits is 
noticeably prevalent during extended play in hot and/or humid weather. As envi-
ronmental conditions become more challenging, even the fittest of players are rec-
ognizably affected, as a concomitant level of thermal and cardiovascular strain 
increasingly challenges one’s physiology, perception of effort, and on-court well- 
being and performance. This is visibly evident in recreational tennis, but the chal-
lenge is typically greatest in tournament competition where the intensity of play is 
high and persistent, and the duration of each match often extends to several hours 
or more [1–4]. Even with just one match a day, repeated daily exposure to the 
demanding environmental conditions can progressively take its toll as players 
advance through an increasingly difficult draw. However, the challenge of cumula-
tive tennis and heat exposure is particularly notable and difficult when players are 
required to compete more than once on the same day across successive days in a 
single event.

This chapter highlights the relevant evidence and perspective on challenges 
 facing junior and adult tennis players in the heat specific to characteristic thermo-
regulatory responses. This is followed by practical considerations and steps in 
mitigating undue on-court thermal strain and clinical risk. The last section empha-
sizes the need for more inclusive real-world scenarios in research and the informed 
utility of technology and advanced analytics. More detailed explanations and sup-
porting evidence are presented in the earlier chapters, regarding the physiological 
mechanisms and consequent changes in related systems functionality that are 
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fundamental to these responses and challenges confronting tennis players in the 
heat. Thorough discussion of exertional heat illness is also covered earlier, as well 
as applicable recommended prevention strategies and clinical management.

11.2  Thermoregulatory Responses and Challenges in Tennis

11.2.1  Sweat Loss During Tennis

Sweat loss during tennis in the heat can be noticeably extensive. While the format 
of tennis competition provides regular opportunities to consume fluids, sufficiently 
effective rehydration during and after play often involves more than simply ample 
fluid volume intake. Notably, on-court sweat sodium and chloride losses can be 
substantial, even for players who are well-acclimatized to the heat [5, 6]. Accordingly, 
deliberate additional salt intake (by way of daily fluid and/or food consumption) is 
often warranted to ensure complete rehydration and optimal body water retention 
and distribution in all fluid compartments [7–11]. As with body water loss via 
sweating, sweat sodium and chloride loss rates are highly variable and must be 
addressed specific to individual needs [5–7, 12].

11.2.1.1  Junior Tennis
With increasing environmental heat stress (air temperature, humidity, and solar 
radiation) and intensity and duration of play, young adolescent tennis players are 
readily capable of on-court sweating rates that are near or exceed 1.0 L/h during 
practice [13] and tournament singles and doubles competition [14]. Parallel to phys-
ical and physiological development and maturation, an increasingly greater muscle 
mass produces more heat; thus, there is a greater need for evaporative cooling. And 
with more mature sweat glands and a larger capacity for sweat production [15], 
sweating rate in older adolescents during intense practice and competitive play in 
challenging hot conditions can often reach 2.5 L/h or more [5, 6].

11.2.1.2  Adult Tennis
Comparable to older adolescents, and often to a much greater extent, on-court 
sweating rates in adult tennis players can be extensive during intense practice and 
competitive play [6, 16–21]. Among the still limited reported examples of on-court 
sweating rates during tennis in adults, Bergeron et  al. [16] evaluated male and 
female tennis players from two Division I university tennis teams during three suc-
cessive days of competitive round-robin play in the heat; Périard et  al. [20, 21] 
monitored heat non-acclimatized men during two simulated matches; Hornery 
et al. [17] examined male professional tennis players during international tourna-
ment competition; and Tippet et  al. [19] examined professional women players 
during outdoor tournament play in similar hot environmental conditions. While 
on-court sweating rate was extensive in many instances (i.e., 2.0 L or more per 
hour), post- play body weight deficits were only modest (generally around 1% or a 
little  more/less).
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11.2.2  Heat Strain

As ongoing metabolic heat production and storage continues, a tennis player’s body 
core temperature can be expected to progressively increase as play persists. This 
signature of evolving heat strain is especially intensified during a hard practice ses-
sion or competitive intense match in the heat. Moreover, the repeated complex, 
intermittent activity patterns, with varying workloads and short recovery periods 
between points, that are characteristic of tennis can further exacerbate on-court ther-
mal strain and related clinical risk [22]. Notably, however, reports of players (at any 
level of competition) incurring exertional heatstroke on-court or immediately post- 
play are rare, whereas heat exhaustion is likely far more common in tennis when 
collectively prompted by the aggregate of extended strenuous play, a measurable 
total body water and energy deficit, and central fatigue [23, 24].

Measuring body core and skin temperature and other relevant metrics during ten-
nis competition is not trivial; however, advances in sensor and integrated platform 
technologies and methods have made it more feasible [25–28]. Nonetheless, the 
logistics and hesitancy by elite players to alter their routines during sanctioned com-
petitive play are practical barriers. Accordingly, researchers have more commonly 
utilized simulated tennis protocols to gain helpful insights to expected exertional 
heat strain incurred on-court during competition. Visible indications of thermal 
strain in players are routinely observed during hot-weather competition; and more 
detailed emerging perspective on heat-related court calls and post-match clinical 
consults has been described at select professional events [3, 4]. However, the spe-
cific extent and confirmed prevalence of undue body core temperature and exer-
tional heat illness, for example, as well as a clear appreciation of modifiable 
contributing factors, across a practical range of heat and humidity are largely not 
well-described in sanctioned tournament play.

11.2.2.1  Junior Tennis
Bergeron et al. [13] examined thermal strain in highly skilled, fit junior tennis play-
ers (on average, 15  years old) during intense on-court training (rallying using a 
variety of strokes and patterns and playing competitive points) in a very warm envi-
ronment (WBGT: 26.6 °C in the water trial; 26.3 °C in the carbohydrate-electrolyte 
commercial sport drink trial). Their findings did not reveal an association of pre- 
practice hydration status (as indicated by urine specific gravity) with body core 
temperature during the 2-h practice sessions. However, a lower mean core tempera-
ture was observed during the randomized carbohydrate-electrolyte drink trial 
(38.0 ± 0.2 °C) compared to the water trial (38.2 ± 0.3 °C). Notably, while body core 
temperature approached or reached 39 °C for some players, none of these young 
athletes had any visible indications of excessive thermal strain.

To examine thermal strain in junior tennis players during actual sanctioned tour-
nament competition, Bergeron et al. [14] observed eight elite-level young boys dur-
ing the first round of singles and doubles play in a United States Tennis Association 
14 s age group national championships event during early August. In contrast to the 
2-h practice sessions described above, pre-play hydration status (urine specific 
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gravity) was increasingly associated with on-court body core temperature (final 
reading: 38.7 ± 0.3 °C) during singles play as the matches advanced (WBGT: mean 
29.6 °C; range 28.5–30.1 °C). This underscores the contrast of metabolic heat pro-
duction and storage during meaningful competition versus practice or simulated 
competition. These elite players characteristically still maintained a strong effort 
and very high intensity, though it was only the first round of competition. This study 
also highlighted how even doubles play in junior tournament-level tennis can elicit 
appreciable thermal strain in hot conditions (WBGT: 31.3 °C).

11.2.2.2  Changes Across Adolescence
The long-standing belief that youth athletes have greater difficulty tolerating sports 
or other physical activity in the heat because of a purported biological maturation- 
related disadvantage has been distinctly countered by more current research and 
position stands [24, 29, 30]. Cardiovascular capacity and thermoregulation are gen-
erally adequate, if hydration is amply maintained [31–34]. However, there are pro-
gressively greater challenges during vigorous tennis in the heat for boys and girls as 
they physically and physiologically develop and mature, more heat is produced dur-
ing play from a greater muscle mass, and more mature sweat glands yield increased 
sweat production [15]. This can result in greater on-court thermal loads and an 
increase in sweat fluid and electrolyte (primarily sodium) losses. Accordingly, total 
body water and exchangeable sodium deficits from extensive sweating can be com-
paratively more substantial in mid- to late-teen tennis players. Moreover, longer and 
physically demanding workouts and matches are characteristic of more physically 
developed, fit, and skilled older adolescent players. Thus, there is a potential for 
greater levels of muscle damage and various physiological carry-over effects that 
could further increase thermal strain and other clinical risks during the next training 
session or match [35].

11.2.2.3  Adult Tennis
Périard et al. [21] reported only moderate thermal strain in the heat, as did Hornery 
et al. [17] with similar peak body core temperatures (38.5–39.4 °C) reached during 
hard and clay court professional tournament play. And Tippet et  al. [19] also 
observed only moderately high mean (38.7 ± 0.20 °C) and peak (39.1 ± 0.3 °C) 
body core temperatures in female professional tennis players throughout match 
play. However, even without conditions prompting excessive thermal strain, Périard 
et al. [20] found that on-court body core temperature was reduced during the early 
stages of play when better pre-play hydration achieved with specified individualized 
water volume intake and a target sodium content.

11.2.3  Repeated Same-Day and Successive-Day Match Play

Arguably the most recognized challenge for a tennis player to maintain hydration, 
minimize on-court thermal strain, and perform optimally is during a hot-weather 
tournament when multiple singles matches are played on the same day and the 
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scheduled rest and recovery periods between contests are inappropriately brief. This 
is particularly characteristic of junior tennis, especially during tournaments at the 
local and regional levels. Though, in many same-day scenarios or across successive 
days with older adolescent players and adults, on-court and consequent daily accu-
mulated body water and sodium losses can be significant from repeated extensive 
sweating. Thus, adequately rehydrating and minimizing day-to-day between-match 
total body water and exchangeable sodium deficits can be particularly difficult for 
certain individuals [6, 12].

The recognized impact of previous competition-related physical activity and 
heat exposure on subsequent same-day physiological strain and performance in 
tennis is very clear to those participating and closely observing. In contrast, this 
undue burden is evidently not fully appreciated by many event organizers. 
Moreover, the repeated-bout effect in tennis has not been adequately empirically 
examined. The only reported measured performance impact of prior same-day 
tennis-heat exposure (degree-minutes) during official competitive match play was 
that assessed by Coyle [36] with boys during a 14’s national championships event 
over a 7-year period. However, field and laboratory studies on repeated-bout non-
tennis exercise in adults and youth clearly demonstrate a negative impact on the 
next bout of activity, because of various physiological “carry-over” effects from 
previous same-day strenuous physical activity and heat exposure. Even with ample 
hydration and body core temperature returning to baseline before starting a second 
bout of exercise, a marked carry-over effect on physiological and perceptual strain 
remained [37–42]. In more stressful environmental conditions and a more typical 
uncontrolled real-world setting, following a long intense competitive tennis match 
and measurably incomplete rehydration and body cooling before going on court 
again, an expected greater impact would be likely. Nevertheless, these limited rel-
evant findings provide important insight that should help guide more practically 
appropriate tournament scheduling, as heat and humidity and the concomitant 
threat to health and performance increase.

11.2.4  Clinical Conditions, Medications, and Caffeine

Standard precautions should be taken with tennis players who are currently (or 
were recently) ill, which may dictate significantly reducing the practice and/or 
playing load in the heat. A recent bout of exertional heat illness may be a good 
reason to do the same. While the conservative approach minimally dictates a delib-
erate focus on implementing additional offsetting measures specific to readily 
modifiable risk factors in both instances, following best practices may warrant 
avoiding play and practice altogether.

Using certain medications (e.g., a non-steroidal anti-inflammatory drug, 
dopamine reuptake inhibitor to treat attention-deficit/hyperactivity disorder, or 
diuretic) should be explicitly discussed with one’s own primary healthcare pro-
vider, in advance of training or competing in a hot environment, especially if 
there is a history of excessive thermal strain or exertional heat illness [23, 29, 43, 
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44]. Caffeine consumption, despite its routine use by many players [45] and 
demonstrated ergogenic effects [46, 47], is often discouraged in tennis, espe-
cially during hot-weather training and competition. However, caffeine does not 
appear to be appreciably thermogenic or interfere with heat dissipation during 
exercise-heat stress; thus, concerns over measurable effects of caffeine intake on 
thermoregulation, fluid-electrolyte balance, and exercise-heat tolerance do not 
appear to be warranted [48, 49]. Accordingly, up to moderate caffeine consump-
tion prior to play is not likely to augment thermal strain and exertional heat ill-
ness risk or impede or lessen on-court performance.

11.3  Mitigating Heat Strain and Clinical Risk

11.3.1  What Can Tennis Players, Coaches, and Administrators Do?

Any time junior and adult tennis players compete or train in the heat, the poten-
tial risk of incurring a significant total body water deficit, undue thermal strain, 
and/or exertional heat illness should be appreciated by everyone involved. This 
is especially the case when participating in multiple same-day matches or prac-
tice sessions over several days or more in a row. As noted earlier, players should 
avoid or significantly limit practice, training, and competition in hot and/or 
humid conditions, if they are currently ill or are recovering from an illness, 
especially those illnesses involving gastrointestinal distress (e.g., vomiting, 
diarrhea) and/or fever [23, 29]. These and other individualized appropriate mod-
ifications to tennis practice and training are essential for affected players, espe-
cially in the heat.

Administratively, for any tennis tournament where warm-to-hot environmen-
tal conditions are anticipated, written protocols following “best practices” stan-
dard of care should be in place and practiced, and trained personnel with readily 
available facilities should be on-site, for effectively treating all forms of exer-
tional heat illness [23]. An increasing need for medical personnel to be promptly 
responsive to an escalating frequency of heat-related on-court calls and post-
match clinical consults and treatments should be anticipated as environmental 
conditions become more challenging [3, 4]. Moreover, all tennis players (and 
those coaches and administrators overseeing training and competition in the 
heat) should also focus on other readily modifiable risk factors beyond just 
hydration management, such as heat acclimatization, cooling strategies, and 
scheduling of play [20, 29, 50–53].

Fundamental factors contributing to exertional heat illness risk and primary 
 practical offsetting measures during tournament tennis in the heat are highlighted 
in Table 11.1.
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11.3.2  Pre-Play Preparation

Players and coaches should follow a graduated introduction and exposure to prac-
tice and play in a hot and/or humid environment, while progressing similarly with 
the accompanying intensity and duration of practice/training and competition. 
Progressive acclimatization to the environment, activity, and physiological demands 
is essential to minimize on-court performance decrements and the concomitant risk 
of incurring exertional heat illness. This is not always practically feasible when 
traveling between locations to an event in a more stressful (greater heat and/or 
humidity) environment. However, even arriving just an additional 2–3 days early to 
acclimatize to the new weather conditions can measurably help [54].

Players, coaches, and parents must also be prepared to appropriately adjust for 
changing weather conditions, recognizing that tolerance to physical activity 
decreases and exertional heat illness risk increases, as the heat and/or humidity rise 
[24, 29, 53]. For practice, the duration and overall intensity of activities and each 

Table 11.1 Fundamental factors contributing to exertional heat illness (EHI) risk and primary 
practical offsetting measures during tournament tennis in the heat

EHI risk factors Preventive or offsetting measures
 •  A hot and/or humid climate 

(including no or very little 
breeze and cloud cover)

 •  Players who are traveling 
and likely not sufficiently 
acclimatized to playing in 
the heat/humidity

 •  Extensive competitive play 
or training in the immediate 
period leading up to the 
event

 •  Players who inherently 
sweat considerably

 • Long matches
 •  Multiple same-day 

matches—notable increased 
risk after the first match 
owing to carry-over effects

 •  Little or no on-court shade

 •  Ensure adequate daily water and sodium intake based on 
individual on-court sweat losses

  –  Prior to each match, drink appropriate fluids regularly 
throughout the day

  –  During play, consume fluid regularly to appropriately 
offset body water and sodium losses from sweating

  –  After play, drink up to ~120% of any remaining body 
water deficit (indicated by a change in body weight) over 
the rest of the day and before the next day’s match

  –  Consume additional sodium daily via foods and fluids, 
especially when sweating extensively and repeatedly

 •  Minimize match warm-up time and unnecessary heat 
exposure

 • Consider on-court and between-match cooling strategies
 •  Administrators should ensure
  –  Adequate (i.e., extended) rest and recovery time between 

same-day matches
  –  Close monitoring of (and prompt response to) participants 

for signs and symptoms of developing heat illness
  –  Readily available (on-site) trained personnel and facilities 

for effectively treating exertional heat illness

Every player (and, as applicable, reinforced by respective responsible coaches and/or parents) 
always has the responsibility to begin play healthy, well-hydrated, well-nourished, well-rested, 
adequately fit, and otherwise prepared for the demands of competition (accordingly, these potential 
risk factors are not listed). These recommendations apply as well to practice in the same 
conditions
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session should be eased, and the frequency and duration of breaks should be 
increased, to maintain safety, attention, and performance. During competitive sce-
narios, duration of pre-match warm-ups in hot and/or humid weather should be 
minimized. To further minimize on-court cardiovascular and thermal strain, all 
players should be well-hydrated and well-nourished prior to going on court to com-
pete [20, 55–57].

11.3.3  During Play

Players should drink appropriate and appealing fluids regularly on each changeover 
during every match [5, 6, 13, 14, 16, 43]. While optimal fluid intake (volume and 
beverage characteristics) during tennis match play is indeed situation- and 
individual- specific, drinking to thirst is not always adequate to sufficiently maintain 
hydration status or optimal performance, especially for those with a high sweating 
rate during extended play [58]. In contrast to earlier findings with non-tennis youth 
[59, 60], unflavored water has more recently been shown to be equally effective as 
a carbohydrate-electrolyte sports drink (CHO-E) in minimizing total body water 
deficits in physically active young girls during intermittent exercise in the heat [61]. 
The same was demonstrated with high-level, fit junior tennis players during intense 
on-court training in outdoor hot conditions [13]. However, many older adolescent 
and adult players who sweat extensively may benefit from an individualized level of 
regular concomitant sodium intake on-court during breaks. This will enhance rehy-
dration and partially offset a rapidly evolving sweat-induced exchangeable sodium 
deficit [5–7, 16].

Readily available access to and ample regular intake of appropriate beverages is 
a priority. In addition, taking advantage of shaded space and a variety of short-term 
cooling practices (e.g., fans, umbrellas, iced and cold damp towels), along with the 
full allotted time on changeovers and between points, can improve perceptual and 
physiological strain [1, 21, 62, 63]. If it is within the scope of viable options, play-
ers can select to construct shorter points by modifying playing style as a player’s 
capability allows, thus reducing overall exertion and metabolic heat production 
and storage to some extent [64]. Nonetheless, all tennis players should be closely 
monitored in the heat, and a prompt and appropriate response, including immedi-
ately stopping participation and seeking appropriate medical attention and treat-
ment, should be implemented at the earliest signs of developing exertional heat 
illness.

11.3.4  Post-Play Recovery

Effective post-play rehydration involves more than simply ample water intake. Even 
with frequent breaks and opportunities to rehydrate during practice or with regu-
larly consuming water or other beverages on each changeover during a long match, 
a post-play body water and/or exchangeable sodium deficit can be significant. 
Accordingly, a more deliberate individualized rehydration plan between sessions 
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and matches is often essential. Concomitant with appropriate energy and other 
nutrient intake, electrolytes (especially sodium) need to be sufficiently consumed as 
well to offset potentially extensive sweat-related electrolyte losses and to better 
retain and distribute ingested water [5, 7, 12, 14, 16]. For same-day repeated 
matches, players should stay in the shade and/or airconditioned places to rest and 
recover. It is also fitting to minimize or eliminate (when the between-match time is 
brief) any additional pre-match warm-up period.

11.3.5  Evidence-Informed Tennis in the Heat Guidelines

The applicable knowledge base, awareness, and concern for player safety and well- 
being in the heat have noticeably improved in the past decade or so. Unfortunately, 
most current hot-weather preparation, on-court, recovery, and scheduling recom-
mendations and guidelines promoted by tennis governing bodies for effectively 
managing hydration, reducing thermal strain, optimizing performance, and mini-
mizing exertional heat illness risk on-court are not sufficiently sport-specific and 
evidence-based. For example, practical on-court cooling methods [1, 62, 63] need 
to be more closely and comprehensively assessed in tennis; and various established 
guidelines for stoppage or modifying play in the heat should be more thoroughly 
and objectively scrutinized [3, 4, 65]. Tippet et al. [19] specifically examined of the 
effectiveness of the Women’s Tennis Association Extreme Weather Conditions Rule 
in reducing thermal strain. This rule (in place since 1992) currently allows for a 
break in play between the second and third sets of the match when the on-site wet-
bulb globe temperature (WBGT) meets or exceeds 30.1 °C [65]. After the permitted 
10-min break, body core temperature decreased by 0.25 (0.20) °C. However, core 
temperature remained slightly higher than it was at the start of the previous second 
set. By the end of play, peak thermal strain was similar as observed at the end of the 
second set. But without many more similar observations in competitive (including 
men’s) tennis, as well as a comparison to extended-set vs 3-set scenarios in extreme 
weather (as defined by this rule) where players do not take the between-set break, 
full appreciation of the extreme weather rule effectiveness on player well-being in 
reducing thermal strain would be premature.

Recognizing the insufficient tennis-specific on-court and recovery data and 
knowledge to better guide players and coaches, certain recommendations of best 
practices should still be emphasized to minimize exertional heat illness risk and 
improve player safety, well-being, and on-court performance. This is particularly 
relevant with the notably greater exertional heat illness risk and potential perfor-
mance challenges resulting from multiple competitive matches in hot weather on 
the same day. Tennis governing bodies and tournament administrators should 
accordingly provide longer rest and recovery periods between same-day matches as 
environmental heat stress increases. And while coaches and event administrators 
should always provide adequate between-session/match recovery time, especially 
in the heat, a greater accommodation for recovery should be anticipated and liber-
ally applied, as young tennis players get older, and train and compete repeatedly and 
at a higher level.
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11.3.6  Players with Disabilities: Wheelchair Tennis

Wheelchair tennis continues to grow in participation and popularity, reinforced and 
showcased by the Paralympics and International Tennis Federation (ITF) through 
their widespread schedule of global events, development funds and programs, and 
high-profile ambassadors [66]. Not surprisingly, wheelchair competitors are exposed 
to the same extreme heat conditions and related health risks and performance barri-
ers as able-bodied players. Accordingly, many of the same risk mitigation strategies 
(heat acclimatization, reduced pre-match heat exposure, modification of play style, 
hydration, etc.) as with able-bodied players are appropriate and effective. However, 
there are also numerous additional inherent modulating factors and related clinical 
risks with spinal cord injury (SCI), based on the variance of spinal lesion level and 
consequent degree of physiological impairment. For example, this population dem-
onstrates proportionate impaired thermoregulatory function and consequent increase 
in body core temperature and heat storage during vigorous exercise in the heat, 
compared to able-bodied peers [67]. There is also greater heat retention during exer-
cise recovery. Thus, traditional between-game cooling strategies on changeovers 
during wheelchair tennis are not as effective. The aggregate potential effect is an 
intrinsic higher risk (proportional to the injury level) of developing exertional heat 
illnesses during tennis competition in the heat [68]. While the ITF provides guide-
lines to allow for a 10-min break between second and third sets when the WBGT 
meets or exceeds 30.1 °C or suspension of play (32.2 °C) in extreme weather condi-
tions [69], research to determine more evidence-informed heat safety thresholds and 
guidelines specific to wheelchair tennis is prominently lacking.

11.4  Future Directions

The published empirical evidence of heat-related physiological responses and met-
rics in youth and adult tennis players during unrestricted sanctioned competition is 
very limited. As a result, this narrow selection of observations does not fully reveal 
or represent the full scope of practical hydration and thermal strain challenges, exer-
tional heat illness risks, and barriers to performance that many tennis players face 
when competing in the heat. Accordingly, currently established general recommen-
dations for maintaining hydration and minimizing on-court thermal strain and exer-
tional heat illness risk in youth and adults [24, 29, 70, 71] should be recognized as 
having a limited field-supported, evidence base specific to tennis.

11.4.1  Real-World Scenarios in Tennis

Much more research needs to be done to better appreciate the full scope and extent 
of the physiological demands and hydration and thermal strain challenges confront-
ing junior and adult tennis players in various environments, competition formats, 
and venues. New investigations should include profiling players during longer, 
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more intense, 3-set to 5-set matches played in the afternoon during later rounds of 
sanctioned tournaments. This is where the risk is likely to be appreciably greater for 
significant body water deficits and other physiological carry-over effects from pre-
vious rounds of play, as well as undue thermal strain. Reported incidents of heat- 
related court calls, requests for cooling devices, and post-play medical consults 
across environmental heat stress zones at the Australian Open have, however, pro-
vided some important preliminary practical insights to the escalating parallel heat 
strain incurred by players during competitive elite tennis [3, 4].

Examining the impact of environmental heat and thermal strain on hyperthermic 
fatigue, neuromuscular function, and musculoskeletal or other injury risk [72–74] 
should also be clinical, player management, and research priorities. These effects 
should be specifically profiled in response to extended and repeated bouts of intense 
tennis training and sanctioned competition across multiple successive days and 
weeks, as this reflects practical tennis schedules. Current perspective based on 
selected discrete test measures during and after only simulated match play bouts 
[20, 75, 76] in the heat is insufficient. Moreover, current risk-reduction strategies for 
pre-play, on-court, and between-set cooling, enhanced hydration, and between- 
match recovery need to be better clarified and validated for practical efficacy in 
real-world scenarios with able-bodied and wheelchair tennis [77–82]. Research on 
the interacting effects of schedule, travel, and heat-acclimatization status of players 
on clinical risk and performance is also needed. Accordingly, it is premature to 
claim a full appreciation of the real-world challenges these athletes face during 
sanctioned competition.

11.4.2  Technology and Advanced Analytics in Tennis Heat  
Safety Research

The experimental setting (i.e., laboratory or on-court with simulated match play) 
often utilized in evaluating cardiovascular and thermal strain and other physiologi-
cal responses during tennis in the heat has significant practical translation limita-
tions. Many of the observations, conclusions, and purported applications are, in 
certain instances, too far removed from a more real-world competitive tennis con-
text. Moreover, the physiological and psychological demands and individual 
responses of a tennis player’s complex biological system while on-court and during 
tournament play cannot be fully interpreted by evaluating only a minimal number of 
discrete measures. This is especially evident with measurements limited to only pre- 
and post-play, or when the players under observation are in a controlled setting 
detached from the natural environment of daily multiple stressors and other wide- 
ranging influencing factors. Also, generalized heat-safety guidelines based on envi-
ronmental conditions alone do not adequately address the practical individual 
on-court or recovery differences and needs.

There has been a noticeable recent explosion of advanced technology for physi-
ological monitoring in Sport, including a vast array of wearable and remote smart 
sensors for real-time data collection, supported by integrated platforms with 
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advanced algorithms and analytics and practical easy user interface [25, 83, 84]. 
Efficiently and effectively collecting, managing, and analyzing massive amounts 
of structured and unstructured information from multiple disparate domains requir-
ing high-performance computer systems is, moreover, no longer the limiting fac-
tor. Today, we have the capacity to address all the variables outlined in this chapter 
and other influencing factors in a widely inclusive, multi-domain, and real-world 
knowledgeable and innovative way. This is critical to developing and optimizing 
more effective and practical, evidence-based recommendations and guidelines for 
tennis players who are training and competing in the heat. Artificial intelligence- 
driven machine learning and advanced analytics can also help reveal what has been 
previously unachievable (or even conceived) in more precisely defining player 
response/risk signatures and patterns that will assist further in determining defini-
tive evidence-informed heat safety guidelines and protocols. The collective effect 
of these new tools and approaches allows scientists to consider multiple applicable 
domains of information, much larger data sets, and many more relevant variables 
and influences. This will no doubt lead to developing valid new predictive models 
and applications that can better assist in anticipating clinical care needs, mitigating 
modifiable risk in advance, and clinical decision support [85, 86]. The compelling 
impact will be to practically and more optimally mitigate exertional heat illness 
risk while optimizing performance for all tennis-playing populations. Indeed, this 
timely approach will help to close the gap between research and practical accep-
tance and uptake of related heat safety recommendations and guidelines for tennis 
and all of Sport.

11.5  Key Points

• Sweating during tennis can be extensive, leading to significant total body water 
and exchangeable sodium deficits.

• Thermal strain can be significantly elevated during tennis; however, the inherent 
nature and format of tennis may be the principal mitigating factors in players 
incurring excessive body core temperature and loss of thermoregulatory control 
leading to exertional heatstroke.

• Much more real-world research of tennis competition is needed to fully appreci-
ate thermoregulatory challenges confronting players training and competing in 
the heat, as well as to design the most practically efficacious, evidence-informed 
heat safety guidelines.
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12Athletics: Track and Field in the Heat

Juan-Manuel Alonso and Jordan Santos

12.1  Influence of Heat on Performance

Hot environmental conditions have a major impact on Athletics—Track and Field 
performance, with the effects on running performance being related to distance. 
While endurance performance is typically impaired in the heat, single short sprint 
performance may be improved [1]. This stems from an increase in muscle tempera-
ture improving explosive power during sprinting or jumping by enhancing muscle 
contractile properties [2, 3]. Interestingly, Guy et al. [4] analysed seven consecutive 
International Association of Athletics Federations (IAAF) World Championships 
(1999–2011) top ten performances in endurance events (5000, 10,000  m and 
Marathon) and top six performances in sprint events (100 and 200 m). The authors 
found that in temperate conditions (<25  °C) athletes participating in endurance 
events were 2% faster than in the heat (≥25 °C; Fig. 12.1). Marathon runners expe-
rienced the largest performance impairment in the heat with a 3.1% and a 2.7% 
reduction in males and females, respectively, whereas middle distance events were 
less affected by environmental conditions [4]. In contrast, sprint performance was 
improved with athletes performing 2% better in hot compared with temperate 
conditions.

The results reported by Guy et al. [4] are in line with previous research [5–8]. For 
example, in an analysis of performance from seven marathons over a period of 
6–36 years, Ely et al. [9] showed a progressive impairment in performance in rela-
tion to a rise in wet-bulb-globe-temperature (WBGT) from 5 to 25 °C. This decre-
ment in marathon performance held true for both men and women of wide ranging 
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abilities, although with slower runners being more negatively affected [9]. This 
could be partly due to the hot microclimate generated by large groups of runners 
close to each other [10, 11]. El Helou et al. [12] also analysed 1,791,972 perfor-
mances from three European (Paris, London and Berlin) and three American 
(Boston, Chicago and New  York) marathon races between 2001 and 2010. The 
authors concluded that the main environmental factor influencing performance was 
temperature: the more the temperature increased, the more running speed declined 
and a greater percentage of runners withdrew from the race [12]. This is supported 
by the findings of Vihma [13], who reported that the percentage of non-finishers in 
the annual Stockholm Marathon from 1980 to 2008 was negatively affected by the 
air temperature and relative humidity.

The aforementioned negative effects of heat and humidity are likely enhanced in 
race walking events when compared to long-distance running events. For example, 
race walking is characterized by a worse economy of locomotion that ultimately 
increases internal heat gain relative to running at the same speed. In addition, race 
walking usually occurs at a lower speed, which limits self-generated wind velocity 
and convective cooling. Together, the lower economy of movement and reduced 
heat dissipation capacity associated with race walking in hot environments may lead 
to an increased risk of hyperthermia [14].

There are several factors playing a fundamental role on the decrement in endur-
ance performance in warm and hot conditions during Athletics events [15]. For 
example, exercise-heat stress with or without dehydration may impair aerobic per-
formance via one or more mechanisms related to central nervous system, skeletal 
muscle (i.e. metabolism) and/or cardiovascular (i.e. blood flow) function [5]. While 
a high core body temperature (Tc) per se was previously suggested as a main factor 
explaining impaired aerobic performance in the heat [5, 6, 15], it is currently 
believed that high skin temperatures (Tsk), or more specifically the core-to-skin tem-
perature difference, impairs aerobic exercise performance in warm-hot 

Sprints performance 2% faster in
hot (≥ 25°C) conditions

Endurance performance 2% slower 
in hot (³ 25°C) conditions

Marathon performance 3% 
slower in hot (³ 25°C) conditions

Fig. 12.1 Effects of heat on running performance. Adapted from Jeukendrup [1] and Guy et al. [4]
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environments due to a rise in cardiovascular stress [5]. Hence, the reductions in 
running speed noted in longer track and field events are likely mediated by the 
development of thermal strain, along with sensations of thermal discomfort, which 
suggests that performance in the heat is influenced by both systemic physiological 
and behavioural factors [5, 6, 16].

In contrast, sprinting and jumping may be improved in the heat as muscle con-
tractile function is optimized at muscle temperatures slightly higher than resting [8]. 
Current evidence in team sport athletes also suggests that passive heat maintenance 
may improve sprinting and jumping performance [17]. Although team sports is not 
analogous to jumping/throwing field events, there is a vast body of literature con-
verging to suggest that a rise in core and more specifically muscle temperature may 
be beneficial to the performance of jumpers and throwers [2, 3].

12.2  Influence of Heat on Health

When exercising in hot and humid ambient conditions, the water content in the air 
acts as a barrier for evaporative cooling [7, 15]. In such conditions, sweating is 
much less effective for removing heat from the body and in those with high sweat 
rates may result in dehydration, which impairs thermoregulation [15]. The increased 
body-water deficit, associated with progressive increase of core temperature, exac-
erbates the decrement in performance, but also increases the risk of exertional heat 
illness [3, 7]. The severity of exertional heat illness can escalate from relatively 
benign symptoms such as exertional muscle cramps to heat exhaustion, exertional 
associated collapse [18], heat injury and ultimately, exertional heat stroke [3]. It is 
important to acknowledge that some individuals may be more prone to collapse 
from exhaustion in the heat than others (i.e. those who are not acclimatized, use 
certain medications, are dehydrated or have recently been ill). Importantly, whilst 
core temperature is used in the diagnosis of EHI, along with central nervous system 
dysfunction, it is common for athletes to reach elevated temperature and remain 
asymptomatic. For example, Byrne et al. [19] reported that in the 18 participants in 
which core temperature was measured during a 21-km running race in hot (27 °C) 
and humid (87% RH) conditions, all reached a temperature of 39  °C, with 56% 
reaching 40  °C and 11% reaching 41  °C.  However, none of these athletes were 
treated for heat illness.

In the context of Track and Field, exertional heat illness can affect athletes during 
short, high-intensity or long-duration events. In the best-case scenario, this may 
result in having to abort a training session in the heat, or withdraw from a competi-
tion, and in the worst-case scenario may lead to collapse during or soon after an 
event [20]. For example, exertional heat illness was a common condition (11–17%) 
among athletes participating in the World Athletics Championships in Berlin 2009, 
Daegu 2011 and Moscow 2013, especially those participating in race walking events 
[21–23]. In a cohort study at the 2015 IAAF World Athletics Championships in 
Beijing, it was determined that 48% of athletes had previously experienced exer-
tional heat illness symptoms (e.g. cramping, vomiting and nausea) while training 
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and competing in the heat [24]. The authors further reported that 8.5% had been 
diagnosed with exertional heat illness, with dehydration and heat exhaustion being 
most prevalent.

12.3  Countermeasures to Optimize Athletics Performance 
and Health

12.3.1  Heat Acclimatization

Recent reviews have documented the effectiveness of heat acclimatization in allevi-
ating the physiological and perceptual effects of heat stress [25–31]. The most con-
sistent findings are a decreased core temperature and heart rate during exercise in the 
heat, along with increased total body water and sweat rate. While heat acclimatiza-
tion can take up to 10 days of consecutive heat exposure to develop, rapid induction 
of most of the adjustments can be seen in about 7 days (see Chap. 8). Therefore, 
short-term heat acclimatization may be a practical consideration for track and field 
athletes faced with congested training and competition schedules. This could involve 
arriving to the competition venue 1–2 weeks in advance to acclimatize to the setting. 
Adaptations may also be induced via post-training water immersion [32], thus main-
taining the training stimulus and providing an impulse for acclimatization.

12.3.2  Warm-up Strategies and Heat Stress

One of the primary goals of the warm-up is to increase muscle temperature. 
However, since warming-up in hot and humid conditions increases thermal and cir-
culatory strain, which could be detrimental for prolonged exercise capacity, the 
warm-up routine should be adapted to the environmental conditions [3]. In endur-
ance events, athletes should approach the warm-up with the aim to optimize physi-
ological readiness through activation of the main energy systems and movement 
patterns while avoiding too large an increase in core temperature via significant 
metabolic heat production. Hence, shorter warm-up durations are recommended 
before prolonged track and field events in hot environments. Sprinting and jumping 
athletes may wish to maintain or only slightly adjust the warm-up routine.

12.3.3  Pre-cooling and Per-cooling

Given that skin cooling can reduce cardiovascular strain and that cold water or ice- 
slurry ingestion may reduce core temperature, it has been suggested that cooling 
interventions may be used to improve prolonged exercise capacity in the heat. In 
this regard, it has been reported that the combined use of internal (i.e. cold drinks 
and ice-slurry beverages) and external (i.e. cooling garments, towels and fanning) 
cooling strategies can lead to greater cooling capacity [3, 25, 33]. Thus, mixed 
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cooling methods should be part of the warm-up in the heat for endurance athletes. 
Athletes involved in sprinting, jumping, throwing and combined events (i.e. decath-
lon and heptathlon) could also benefit from mixed cooling strategies, and when 
implemented during rest periods might improve performance [3, 25, 34]. These 
methods would require evaluation and familiarization, so as not to disrupt the rou-
tine of the athlete or lead to too great a decrease in muscle temperature.

12.3.4  Hydration

Sweat rate during exercise in the heat varies depending on environmental condi-
tions, the metabolic rate and acclimatization status of the athlete. Values ranging 
from 1 L/h to 1.5 L/h are common for athletes performing vigorous exercise in hot 
environments, although heavy sweaters can exceed 2.5  L/h [25]. Interestingly, 
Alberto Salazar reportedly had a sweat rate of 3.7 L/h during the 1984 Olympic 
Marathon [35]. As it is not possible to replenish that amount of fluid during exer-
cise, it is particularly important to start the event euhydrated as the in-competition 
strategy would likely aim to minimize the progressive fluid loss, not to totally offset 
it. For most individuals, an intake of 5–6 mL of water per kg of body mass, at a 
frequency of every 3–4 h in the days leading up to competition as well as 2–3 h prior 
to either training or competing in the heat is advisable to replenish sweat losses and 
minimize the risk of undertaking an event in a hypohydrated state. Cold drinks and 
ice-slurry beverages of crushed ice of ≤4 °C are also recommended [3]. The main 
electrolyte lost in sweat is sodium and supplementation during longer events may be 
required. During events lasting longer than 1 h (e.g. marathon and race walking), 
athletes should aim to consume a solution containing 0.5–0.7 g/L of sodium. In 
those experiencing muscle cramping, it is recommended to increase the sodium 
supplementation to 1.5 g/L of fluid [25] (Table 12.1).

12.4  Heat Policy and Implementation

The IAAF has shown awareness in the past on the health risks posed to athletes by 
environmental factors and has implemented measures to help protect the athletes. 
The on-field assessment of the WBGT has been adopted in World IAAF Athletics 
Championships since Osaka 2007. The IAAF employed the flag system based on 

Table 12.1 Recommendations for track and field athletes [3, 25–29, 33, 34]

•  Endurance athletes (marathon and race walking) competing in hot conditions should 
acclimatize

•  Warm-up routines should be shortened when competing in hot conditions
•  Using a mixture of internal (cold drinks and ice-slurry beverages) and external (cooling 

garments, towels and fanning) cooling strategies is encouraged when competing in the heat
•  An intake of 5–6 mL of water per kg of body mass, at a frequency of every 2–3 h, prior to 

training or competing in the heat is advised
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the WBGT developed by the US Navy, made popular by the American College of 
Sports Medicine [20] and National Association of Athletics Trainers (see Table 12.2) 
[36, 37], and which is used by various sporting federations. Although it has some 
limitations [25, 39, 40], WBGT measurements in warm-up areas at the competing 
track and on road race courses along with appropriate announcements of the read-
ings were implemented in Daegu 2011 and Beijing 2015 World Athletics 
Championships by the local organizing committees [38]. In Beijing, WGBT read-
ings remained extreme (black) or high (red) as per the flag system [24], representing 
high to extreme risk for thermal injury.

The WBGT is an environmental heat stress index and not an accurate represen-
tation of the actual heat strain faced by competing athletes. This is due to the rate 
of heat production experienced in individual athletes, based on the event they 
partake in. The thermal strain experienced by the athletes is also depending on his 
acclimation status. For example, it has been reported that the amount of heat-
related collapse on a set course with similar ambient conditions was reduced if 
those conditions were seasonal [41]. It is therefore difficult to establish absolute 
participation cut-off values across sports and is rather recommended to implement 

Table 12.2 Wet bulb globe temperature (WBGT) index flag coding system, risks and recommen-
dations (adapted from: [20, 36–38])

Roberts 1998/NATA 2002/IAAF 2013

ACSM 2007
Continuous activity and 
competition

Risk WGBT Recommendation WGBT Recommendation
Black flag Extreme >28 °C 

(82 °F)
Consider 
rescheduling or 
delaying the event 
until safer conditions 
prevail; if the event 
must take place, be 
on high alert

27.9–30.0 °C
(82.1–86 °F)

Cancel level for 
EHS risk

Red flag High 23–28 °C 
(73–82 °F)

Everyone should be 
aware of injury 
potential; individuals 
at risk should not 
compete

25.7–27.8 °C
(78.1–82 °F)

Risk for unfit, 
non- acclimatized 
individuals is high

Yellow flag Moderate 
risk

18–23 °C 
(65–73 °F)

Risk increases as 
event progresses 
through the day

22.3–25.6 °C
(72.1–78 °F)

Risk for all 
competitors is 
increased

Green flag Low <18 °C 
(65 °F)

Risk low but still 
exists based on risk 
factors

18.4–22.2 °C
(65.1–72 °F)

Risk of EHS and 
other heat illness 
begins to rise; 
high-risk 
individuals should 
be monitored or 
not compete

White flag Low <10 °C 
(50 °F)

Lower risk for 
hyperthermia but 
increasing risk for 
hypothermia

10.1–18.3 °C
(50.1–65 °F)

Generally safe; 
EHS can occur
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preventive countermeasures, including appropriate scheduling of the competition 
throughout the calendar year and the most suitable start times in championship 
timetables. In warm and humid climatic geographical areas, events should be re-
scheduled to the late evening or early morning to avoid the hottest hours of the day 
and to minimize exposure to solar radiation. Event cancellation may be necessary 
if the environment poses a serious health hazard to the athletes [25]. However, the 
decision to cancel an event should be based not only on the prevailing conditions 
but also on the amount of heat produced by the athlete, with methods such as 
ingestible thermometer pills used to evaluate this parameter in competition. A 
host of other factors such as time spent in the heat and the nature of the athletic 
population (i.e. elite or amateur athletes, youth or master athletes and males or 
females) should be considered at the time of taking event cancelling decisions, 
which should never be made by the medical team alone, but together with other 
technical officials [42].

An adequate medical response protocol for the medical teams of the local orga-
nizing committee is of paramount importance. The possibility to adapt rules or 
implement specific arrangements at certain competition sites to facilitate larger 
cooling facilities [25] and an extra supply of drinks are further provisions comple-
menting the preventive approach in hot and humid conditions.

12.5  Conclusion

The IAAF plays an integral role in promoting and supporting the scientific advance-
ment of knowledge specific to the physiological challenges related to hyperthermia 
in elite athletes and the prevention of exertional heat illness and injury that is not 
necessarily limited to Track and Field Athletics. As such, the Athletics governing 
body should consider adopting a more comprehensive policy for awarding host cit-
ies. This should include policies to avoid hot and humid climates and ensure appro-
priate event scheduling to hold the higher-risk, longer-lasting events during the 
coolest time of the day, both fundamental principles of any heat-related illness pre-
vention strategy. The implementation of educational opportunities to outline ade-
quate acclimatization, hydration and cooling strategies for athletes is essential. 
Finally, high-standard medical coverage is a need that should be guaranteed in every 
major Athletics Championships. The combination of these actions will hopefully 
contribute to reduce the risk and incidence of heat-related illness in Track and Field 
athletes [43] (Table 12.3).

Table 12.3 Recommendations for track and field event organizers [24, 25, 38, 42, 43]

•  Appropriate awarding hosting cities to avoid hot and humid climates
•  Ensure adequate event scheduling to hold the higher-risk, long-lasting events during the best 

time of the day
•  Implementation of effective educational actions with athletes, coaches and organizers
• Perform on-field assessment of the wet bulb globe temperature (WBGT)
• Contingency plans for delaying or cancelling the event should be in place
• Deploy a high-standard medical coverage

12 Athletics: Track and Field in the Heat
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13Cycling in the Heat

Julien D. Périard and Sébastien Racinais

13.1  Introduction

Exercise per se, even in temperate conditions, increases core body temperature [1]. 
When undertaken in the heat, the rise in temperature, including skin, muscle, and 
tissue temperature, increases to a great extent. This increased level of thermal strain 
results in performance impairments during endurance events, and can lead to devel-
opment of exertional heat illness, especially when racing or training at a high inten-
sity [2]. Within the spectrum of cycling events and sub-disciplines, performance on 
the road and mountain is particularly susceptible to being influenced by hot climatic 
conditions. This stems from road cycling incorporating prolonged single day and 
multi-stage races, as well as individual and team time trials. Performance and health 
in mountain biking events, particularly cross-country, marathon, and enduro races, 
are also susceptible to the effects of environmental heat stress.

The impact of hot and humid conditions on endurance cycling performance is 
well documented, with impairments occurring in conjunction with the development 
of thermal strain [3–5]. Despite performance in prolonged events declining in hot 
weather, the ability to produce high power outputs during sprinting may be improved 
in the heat when the level of hyperthermia is not excessively severe [6, 7]. In condi-
tions of elevated thermal strain however, repeated-sprint performance is negatively 
impacted [8], with the impairment attributable to similar fatigue pathways to that of 
endurance cycling [9]. Countermeasures have been developed however, not only to 
optimise performance in the heat, but also to minimise the potential risk of heat ill-
ness. Currently, epidemiological data regarding heat illness incidence rates is sparse 
in cycling. An unpublished cohort study at the 2016 UCI Road World Cycling 
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Championships indicated that over 50% of cyclists responding to a questionnaire 
reported previously experiencing heat illness symptoms (e.g. nausea, headache, 
cramping, fainting) during training or competition in the heat [10]. Approximately 
38% of respondents indicated having conducted at least 5 days of heat acclimation 
prior to the championships, which were held in Qatar in ~37  °C conditions. 
Interestingly, the athletes also reported arriving in Qatar ~5 days before competing 
in their event, affording most of them a short-term heat acclimatisation stimulus.

This chapter will focus on the impact of heat stress on cycling performance (i.e. 
endurance and sprinting), along with the pathways via which performance is altered. 
These pathways include the development of thermal and cardiovascular strain, as 
well as central and peripheral fatigue, and adjustments in perception and behaviour. 
A comparison will also be made of cycling research conducted in the laboratory and 
in the field to allow for an appreciation of each setting. An outline of countermea-
sures to optimise cycling performance and minimise heat-related health issues will 
be presented, along with future research directions to enhance the safety of cyclists 
competing in the heat.

13.2  Influence of Heat Stress on Prolonged Cycling 
Performance

It is well documented that endurance capacity is impaired when cycling in warm/
hot conditions [5, 11], as well as when air velocity is low [12], and solar radiation 
[13, 14] and relative humidity are high [15]. For example, Galloway and Maughan 
[5] reported that time to exhaustion during constant rate cycling (70% maximal 
oxygen uptake: VO2max) followed an inverted U relationship with exercise capacity 
optimised at 11 °C (93.5 min), relative to 4 °C (81.4 min), 21 °C (81.2 min), and 
31 °C (51.6 min) conditions with 70% relative humidity. Similarly, time to exhaus-
tion was progressively reduced when relative humidity was increased from 24 to 
40, 60, and 80% during ergometer cycling at 70% VO2max in 30  °C [15]. These 
performance impairments relate to various environmental factors contributing 
independently and synergistically to exacerbate the development of thermal strain, 
and decrease exercise capacity. Although climatic characteristics strongly influ-
ence exercise capacity and the rate of rise in whole-body temperature, a primary 
factor mediating the development of hyperthermia during exercise is the produc-
tion or release of metabolically generated heat. Indeed, it has been shown that time 
to exhaustion in trained individuals is essentially halved when cycling at 75% 
VO2max (~30 min) compared with 60% (~60 min) in 40 °C and 50% relative humid-
ity conditions [16]. This relates in part to the larger imbalance between the rate of 
evaporation required for heat balance (Ereq) and the maximum environmental 
capacity for evaporation (Emax) when exercising at a higher power output, which 
renders the environment less compensable and increases the rate of rise in core 
temperature (see Chap. 2).

During time trial events in which power output is self-selected, cycling perfor-
mance is also impaired under heat stress, even in elite cyclists (e.g. Fig. 13.1). For 
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instance, a rise in ambient temperature to 32 °C decreased 40 km time trial perfor-
mance (309 W) relative to 27 °C (322 W), 22 °C (324 W), and 17 °C (329 W) [11]. 
This holds true for radiant heat as well, with 15-km time trial performance decreas-
ing when exposed to a radiant heat of 1100 W m−2, even in 18 °C conditions [14]. 
These performance impairments stem from the rise in whole-body temperature dur-
ing prolonged cycling in the heat, and in large part to an exacerbated cardiovascular 
response (see Chap. 3).

13.2.1  Cardiovascular Strain

The impairment in prolonged exercise performance in the heat has historically been 
related to a thermoregulatory redistribution of blood towards the periphery and a 
temperature-mediated increase in intrinsic heart rate, which contribute to compro-
mise central blood volume and the maintenance of cardiac output [17–19]. Although 
cutaneous blood flow reaches a virtual plateau, or upper limit when a core tempera-
ture of ~38 °C is attained during exercise [20], a significant volume of blood per-
fuses peripheral vascular beds [17, 21]. Moreover, for each 1.0 °C elevation in core 
(i.e. atrial) temperature, a ~7 beats min−1 increase in heart rate occurs during passive 
heat stress [22]. This suggests that the greater increase in heart rate during exercise 
in the heat may stem in part from the direct effects of temperature on cardiac nodal 
cells, along with adjustments in autonomic nervous system activity (i.e. sympathetic 
activation and parasympathetic withdrawal) [23]. Thus, the metabolic and thermo-
regulatory requirements associated with cycling under heat stress appear to interact 
and alter cardiac function, modify the distribution of cardiac output, and/or compro-
mise the ability to sustain adequate blood pressure [2, 24]. An example of this is 
presented in Fig.  13.2 where a thermoregulatory-mediated increase in 
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Fig. 13.1 Power output during a 30-min cycling time trial at 32 °C (HT) and 23 °C (NT) in elite 
road cyclists. *Significantly different from NT (P  <  0.05). Reproduced with permission from 
Tatterson et al. [3]
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cardiovascular strain contributes to the inability to maintain power output during a 
40 km self-paced time trial in the heat [4].

The cardiovascular adjustments associated with heat exposure have been shown 
to decrease VO2max during exhaustive exercise [25–27], as well as during the end- 
spurt of prolonged time trial efforts (e.g. Fig. 13.2) [4, 28]. During graded exercise 
on a treadmill, Arngrimsson et al. [29] showed that VO2max was reduced by 4, 9, and 
18% in both men and women in 35, 40, and 45 °C conditions following preheating 
to core and skin temperatures of 37.0 and 35.1 °C, 37.3 and 36.2 °C, and 37.8 and 
37.6 °C, respectively. The reduction in VO2max at the completion of self-paced exer-
cise under heat stress lasting 50–60 min is purported to be ~17%, which is larger 
than that observed at the end of a time trial in cool conditions (~5%) [4, 28, 30]. 
Interestingly, the reduction in VO2max occurs progressively during time trial efforts 
in the heat, which leads to a progressive decline in absolute work rate (i.e. power 
output); however, relative exercise intensity (i.e. the fractional utilisation of VO2max: 
%VO2max) is maintained within a relatively narrow range, similar to that of a time 

400

350

300

250

200

200

190

180

170

160

150

140

140

130

120

110

100

90

90

110

130

150

170

70

80

150

30

28

26

24

22

20

18

16

14

12
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

3.0

3.5

4.0

4.5

5.0

5.5Hot
Cool

Hot
Cool

P
o

w
er

 o
u

tp
u

t 
(W

)
H

ea
rt

 r
at

e 
(b

ea
ts

·m
in

-1
)

C
ar

d
ia

c 
o

u
tp

u
t 

(l
·m

in
-1

)

M
ea

n
 a

rt
er

ia
l p

re
ss

u
re

 (
m

m
H

g
)

S
tr

o
ke

 v
o

lu
m

e 
(m

l·b
ea

t-1
)

O
xy

g
en

 u
p

ta
ke

 (
l·m

in
-1

)

*
*

* *
*

*
*

* *

*

*

*

* * *

*

*
*

*

**
* *

*

*
*

* *

*

***

*
*

*

Time (min) Time (min)

Fig. 13.2 Power output, oxygen uptake, heart rate, stroke volume, cardiac output, and mean arte-
rial pressure during a 40-km cycling time trial in hot (35 °C and 60% relative humidity) and cool 
(20  °C and 40% relative humidity) conditions. *Significantly different from cool (P  <  0.05). 
†Significantly different from 10 min (P < 0.05). Reprinted with permission from Périard et al. [4]

J. D. Périard and S. Racinais



249

trial performed in cool conditions [30]. This range widens under heat stress when 
exercise becomes protracted however, as a disassociation develops between 
%VO2max and heart rate, and RPE. Typically, the %VO2max sustained during self- 
paced cycling is related to the duration or distance of the event, with time trials of 
40 km conducted at ~85% VO2max and shorter efforts (e.g. 4–20 km) performed at a 
greater fraction of VO2max [30–34]. The progressive decrease in VO2max appears from 
a performance perspective, to be the primary determinant resulting in power output 
being maintained at a similar level at the onset of self-paced cycling in cool and hot 
conditions, but then progressively causing its decline in the heat.

Perhaps not surprisingly, fitness is an important factor contributing to enhance 
performance when cycling in the heat. For instance, trained individuals exercising 
in the heat at the same relative intensity, but at a higher absolute metabolic rate, 
experience a greater rate of heat storage than untrained individuals [35] and fatigue 
at a similar or higher core temperature [16, 36–38]. This suggests that training and 
aerobic fitness may allow for greater rates of body heat accumulation before a 
reduction in work rate occurs [39].

13.2.2  Central and Peripheral Fatigue

Although an increase in circulatory and cardiovascular strain represents the fore-
most determinant impairing performance during prolonged cycling in the heat, neu-
romuscular alterations also influence the ability to exercise optimally under heat 
stress (see Chap. 4). These alterations include the development of both central and 
peripheral fatigue, which correspond to a reduction in voluntary muscle activation 
and a loss of force production capacity, respectively [40–42].

Early studies suggested that the attainment of a high core temperature (39.2–
39.7 °C) during prolonged cycling might influence central nervous system function 
by reducing the mental drive (i.e. motivation) for motor performance [43, 44]. This 
notion was reinforced by data showing a progressive impairment in force produc-
tion capacity during a sustained (120 s) maximum voluntary isometric contraction 
of the knee extensors following exhaustive cycling in the heat, relative to a contrac-
tion performed after 60 min of steady state cycling in cool conditions [41]. The 
impairment was attributed to a hyperthermia-induced reduction in voluntary muscle 
activation, in response to a 2 °C difference in core temperature between conditions. 
A more recent study however demonstrated that voluntary activation and force pro-
duction capacity were similarly reduced during a 20 s maximum voluntary isomet-
ric contraction following a 40 km time trial in hot and cool conditions [45]. The 
reduction in voluntary activation accounted for only ~20% of the decrease in total 
force production in both conditions, indicating that the higher core temperature 
(0.8  °C) noted following time trial exercise under heat stress did not exacerbate 
central fatigue, and induced a similar level of peripheral fatigue. It has also been 
shown that submaximal exercise followed by incremental cycling to exhaustion in 
24 °C and 40 °C conditions induced a similar level of force loss in the knee exten-
sors when performing a 5 s maximal voluntary contraction, along with an analogous 
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reduction in voluntary muscle activation [46]. This led to the conclusion that neuro-
muscular failure could not explain the earlier volitional fatigue observed in the heat 
during incremental exercise, especially as heart rate was higher under heat stress, 
the rating of perceived exertion (RPE) was similar between conditions, and periph-
eral fatigue (i.e. twitch response) was lower in the heat due to terminating exercise 
sooner. Interestingly, Thomas et al. [33] showed that fatigue following cycling time 
trials in temperate conditions was task dependent, with a greater degree of periph-
eral fatigue arising after shorter (6 min) more intense efforts, and a greater level of 
central fatigue presenting after longer (>30 min) slightly lower-intensity trials.

Importantly, it must be recognised when inferring fatigue during cycling that a 
maximal isometric contraction recruits and maximally activates all available motor 
units in an isolated limb. In contrast, motor unit recruitment is submaximal and 
cyclical during cycling, involving several muscle groups and alternating neuro-
muscular activation patterns. Performance of a maximal isometric contraction also 
generates high intramuscular tension, impeding blood flow and the clearance of 
metabolic by-products. This causes the activation of group III and IV muscle affer-
ents [47–49]. As well as being important modifiers of cortical and motoneurone 
excitability [50], these afferents play a role in the disproportionately large increases 
in heart rate and blood pressure relative to metabolic activity noted during isomet-
ric exercise [51]. This contrasts with the well-matched cardiovascular, haemody-
namic, and metabolic responses during dynamic exercise such as cycling. The 
culmination of these factors therefore renders it difficult to infer a similar aetiology 
of neuromuscular fatigue between maximal isometric and submaximal dynamic 
exercise [52].

13.2.3  Perceptual Responses

Thermal perception, or an elevated level of thermal discomfort, has been suggested 
to increase RPE in response to an increase in skin temperature and consequently 
decrease work rate during the early stages of self-paced exercise [53]. Whilst this 
behavioural thermoregulatory response represents a powerful mechanism via which 
conscious decisions contribute to preserve thermal homeostasis [54], few studies 
have demonstrated a lower starting power output during cycling in the heat when the 
magnitude of hyperthermia was minimal and/or similar to that noted in cool condi-
tions [55, 56]. Indeed, a lower work rate is not typically observed in the early stages 
of self-paced exercise in the heat, as most time trials are initiated at a similar power 
output regardless of the environment, whether in a laboratory or field setting [4, 11, 
28, 30, 34, 57–59]. Moreover, using a menthol spray to induce the feeling of cool-
ness, Barwood et al. [60] demonstrated that thermal perception did not drive changes 
in pacing during the early stages of a 40-km time trial in 32 °C conditions, nor did 
it affect overall performance.

On the other hand, Sawka et al. [61] have highlighted that high skin temperature 
alone may impair aerobic performance, such as prolonged self-paced cycling. This 
occurs as hot skin narrows the core-to-skin temperature gradient, which increases 
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peripheral thermoregulatory blood flow requirements and in turn circulatory 
strain—reducing cardiac filling and elevating heart rate for a given cardiac output 
[19, 24]. As outlined above, the increased cardiovascular strain associated with high 
skin temperatures may contribute to modulate performance in advance of a rise in 
core body temperature (i.e. hyperthermia).

13.3  Influence of Heat Stress on Sprint Cycling Performance

In contrast to endurance exercise, a rise in whole-body temperature, muscle tem-
perature in particular, enhances explosive (e.g. sprinting) exercise performance via 
improvements in metabolic and contractile function, nerve conduction velocity, and 
conformational changes associated with muscle contraction [62–64]. These adjust-
ments stem in part from the relationship between tissue temperature and metabolic 
processes (i.e. Q10 temperature coefficient), as the rate of biochemical reactions 
increases with a rise in temperature. For instance, single sprint performance (i.e. 
faster time to complete 35 revolutions, ~9.375 kJ) on a cycle ergometer has been 
shown to be enhanced by 5% for every 1 °C rise in muscle temperature (Fig. 13.3) 
[67]. This is analogous to the findings of Bergh and Ekblom [65] demonstrating a 
rise in speed of ~4.5% per 1 °C increase in muscle temperature. Sargeant [66] also 
showed that maximal power output during a 20 s sprint increased by 11% in con-
junction with a rise in muscle temperature of 2.7 °C, whereas a 12% decrease was 
noted when muscle temperature was lowered by 5.7 °C, relative to resting values 
(36.6 °C) [66]. The magnitude of improvement in heated muscle was also velocity 
dependent, with higher cadences resulting in greater peak power outputs. The 
increased maximal peak power at higher muscle temperatures however was associ-
ated with an increased rate of fatigue [66]. Notwithstanding, others have confirmed 
that peak power output during all-out sprint cycling (30 s) is improved [68, 69]. 
Given that skeletal muscle temperature at rest hovers around 36 °C and that a rise of 
3–4 °C can occur during intensive cycling in the heat [70, 71], explosive sprint per-
formance can be expected to improve in the absence of marked peripheral fatigue. 
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It has even been demonstrated that repeated-sprint ability (10 × 6 s, 30 s recovery) 
is enhanced at a core temperature of ~38 °C when cycling in 35 °C conditions, com-
pared to cycling in 24 °C conditions with a core temperature of ~37.7 °C [7]. This 
improvement in repeated-sprint ability likely depends on the absence of marked 
hyperthermia, as intermittent sprint cycling ability (8 × 6 s, 60 s recovery) was also 
reported to be unaltered in hot (40 °C) versus cool (24 °C) conditions at a core tem-
perature of ~37.7 °C [6].

In contrast, Drust et al. [8] have shown that both peak and mean power output 
during repeated maximal sprints (5 × 15 s, 15 s recovery) decrease to a larger extent 
under heat stress (40 °C) relative to cool conditions (20 °C) with core temperatures 
of 39.5 and 38.2  °C, respectively. The authors suggested that the performance 
impairment was not related to the accumulation of metabolic fatigue agents (e.g. 
muscle lactate and plasma potassium), but rather to the influence of a high core 
temperature on voluntary muscle activation. This premise is attractive and previous 
research has suggested that central fatigue may be involved in the hyperthermia- 
induced development of fatigue during prolonged dynamic exercise [41]. However, 
more recent studies have proposed that the hyperthermia-induced decrement in 
cycling performance likely relates to cardiovascular and perceptual limitations, 
rather than a physiological incapacity to generate motor drive [45, 46]. Whether a 
heat-related lack of motivation can influence repeated-sprint ability however 
remains to be determined, especially given the nature of the effort and the potential 
for pacing to occur during ‘maximal’ repetitions.

As recently summarised by Girard et al. [9], when performing repeated-sprint 
efforts, a point occurs whereby the muscle-temperature-related benefits are overrid-
den by the exacerbated cardiovascular and metabolic strain, along with a potential 
reduction in voluntary skeletal muscle activation or motivation. These adjustments 
are purported to stem from the greater elevation in whole-body temperature occur-
ring when repeatedly sprinting in hot environments.

13.4  Cycling in the Laboratory and the Field

Laboratory studies provide a controlled setting in which performance and the related 
physiological responses can be accurately and reliably evaluated. In contrast, field 
studies allow for a more authentic representation of what happens during actual 
events. As such, several differences can surface when cycling in a laboratory envi-
ronment compared to an outdoor setting, namely, in relation to changes in terrain, 
race tactics, race type, and climatic conditions. For example, gross efficiency has 
been shown to decrease during uphill cycling in conjunction with modifications in 
pedalling technique [72]. Changes in body orientation during very steep climbing 
(i.e. 20% gradient) alter lower extremity neuromuscular patterns [73], and a change 
from sitting to standing decreases cadence and increases power output (~13%) at a 
given speed [74]. Most experienced cyclists however choose a near optimal cadence 
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based on the power output:cadence relationship to minimise fatigue, independent of 
the terrain [75, 76].

At high speeds (e.g. 40 km h−1), air resistance is a major obstacle to forward 
movement. The ability to draft, or follow in the slipstream of other cyclists, allows 
for reducing energy costs (i.e. VO2) by 25–40%, depending on whether riding 
behind one person or a group (e.g. eight cyclists) [77, 78]. Another important aspect 
to consider is the change in air density associated with different ambient tempera-
tures, which affects the resistance for displacement at different speeds [79, 80]. For 
example, a 20 °C increase in temperature decreases air density by ~7%, allowing for 
a ~6% increase in speed for a given power output, assuming that 90% of the resis-
tance is aerodynamic in a solo cyclist. As such, the reduction in air density noted 
during cycling in hot outdoor conditions may partially offset the impairment in 
performance afforded by the development of thermal and cardiovascular strain. This 
phenomenon was highlighted by Racinais et al. [59] when comparing 43 km time 
trial performances in cool (~8 °C) and hot (37 °C) conditions. The authors calcu-
lated that air density was 9.4% lower in the heat (1.131 kg m−3) than in cool (1.249 kg 
m−3) conditions, representing a power output economy of ~8%. It was reported that 
despite the slightly lower power output maintained during the time trial in the heat, 
average speeds did not significantly differ. This was after a 2-week heat acclimatisa-
tion regimen.

Junge et al. [81] recently highlighted that power output during prolonged cycling 
time trials is reduced by ~15% in the heat (>30 °C), relative to cooler conditions 
(≤20 °C). They also indicated that power output during indoor trials may be main-
tained at ambient temperatures of up to 27 °C if relative humidity remained under 
40% and air velocity matched the movement speed generated during outdoor 
cycling. This emphasises the importance of air displacement in allowing for effec-
tive sweat evaporation [82, 83] and maintaining a compensable environment (see 
Chap. 2). These factors, in combination with the type of race (e.g. road race, time 
trial) and individual goals/team tactics, outline the potential differences between 
laboratory and field settings. Notwithstanding, controlling of environmental factors 
during laboratory-based experiments, especially wind speed, and understanding the 
limitations associated with race tactics (e.g. drafting) may yet provide an ecologi-
cally valid platform for comparison with the field.

13.5  Countermeasures to Optimises Health and Performance

Along with influencing performance, the development of hyperthermia increases 
the risk of exertional heat illness (see Chap. 5). In order to minimise the risk of heat 
illness and enhance performance when cycling in the heat, several countermeasures 
may be adopted. These include adopting a hydration strategy (Chap. 6), utilising 
cooling methods (Chap. 7), and the most influential approach, heat acclimation 
(Chap. 8).
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13.5.1  Hydration

Briefly, the effects of dehydration and recommendations about how and when to 
drink can be a contentious topic, especially in relation to prolonged cycling. A pre-
vious meta-analysis suggested that exercise-induced dehydration of up to 4% did 
not alter cycling performance in an outdoor setting and that relying on thirst sensa-
tions to gauge fluid replacement needs was the optimal strategy for time trial perfor-
mance [84]. However, several comprehensive reviews have indicated that body 
mass losses beyond 2% are associated with impaired thermoregulatory function and 
elevated cardiovascular strain, especially during prolonged intensive exercise in the 
heat, whether in a laboratory or field setting [85–89]. Kenefick [90] recently high-
lighted that high intensity exercise in which sweat rate is elevated along with activi-
ties lasting >90 min in the heat should be accompanied with a planned hydration 
strategy. In contrast, drinking to thirst may be sufficient to offset fluid losses during 
low intensity exercise of shorter duration (<90 min) in cool climates.

As with most endurance sports, it is commonly accepted that undertaking a 
cycling race or training in hot conditions in a rested, well-fed, and well-hydrated 
state is optimal [91]. It is thus advisable to consume 5–6 mL of water per kg of body 
mass every 2–3 h prior to training or competing in the heat. This strategy should be 
tested prior to racing in a major competition to determine if volumes need to be 
altered. During exercise, cyclists should try to minimise body mass losses induced 
via sweating, whilst using caution to avoid over drinking. Those that sweat pro-
fusely may require supplementing their fluids with additional sodium (e.g. 3.0 g of 
salt added to 0.5 L of a carbohydrate–electrolyte solution).

13.5.2  Cooling

Various cooling strategies can be applied before (pre-cooling) and during (per- 
cooling) cycling events to lower core temperature and optimise endurance per-
formance [92–94]. These include external (e.g. application of iced garments, 
towels, water immersion, or fanning) and internal (e.g. ingestion of cold fluids or 
ice slurry) methods. Pre-cooling has been proposed to benefit prolonged activi-
ties such as cycling in the heat, with the use of a mixed-methods approach being 
optimal. This includes the use of fans and commercially available ice-cooling 
vests to provide effective cooling without negatively lowering muscle tempera-
ture, a strategy that can be used during a stationary warm-up before time trials. It 
has also been suggested that vigorous cooling techniques covering a large sur-
face area or techniques that can be frequently applied seem to have the most 
impact on enhancing performance [93]. It must be emphasised that cooling which 
is too severe may in fact be detrimental to performance, as locomotor muscle 
temperature may decrease.

Ingesting ~1 L of crushed ice (4 °C) prior to warming-up may also help reduce 
core temperature and improve performance [95]; however, the ingestion of ice 
slurry beverages has been suggested to be an effective strategy more so as per- 
cooling [92, 93]. Per-cooling via the ingestion of cold fluids or ice slurry in 
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combination with neck and face cooling may further benefit endurance performance 
in the heat [94]. Ultimately, combining pre- and per-cooling is likely the most effec-
tive strategy to improve prolonged cycling performance in the heat [92]. As with 
any new training or racing strategy, cooling methods should be tested and individu-
alised to minimise any disruption or untoward consequence to the athlete.

13.5.3  Heat Acclimation

The benefits of heat acclimation are well known and achieved through an expan-
sion of plasma volume, enhanced cardiovascular stability, improved sweating and 
skin blood flow responses, better fluid balance (i.e. hydration), and acquired ther-
mal tolerance [96–100]. The process of adaptation can occur in artificial/laboratory 
settings (i.e. heat acclimation) and following exposure to natural environments (i.e. 
heat acclimatisation). In a population of well-trained cyclists it was demonstrated 
that the reduction in performance (i.e. power output) observed during prolonged 
(43 km) cycling time trials in hot outdoor conditions (~37 °C) was partly recovered 
after 1  week of training in the heat and almost fully restored after 2  weeks 
(Fig.  13.4) [59]. Accordingly, the time course for the development of heat 
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acclimation is relatively quick, with a significant fraction of the adaptations devel-
oping during the first week of heat exposure, and 10–14 days being optimal for 
complete or near- complete acclimation [96, 98, 100, 101]. The rate of decay for the 
main adaptive benefits (i.e. lowered heart rate and core temperature during exer-
cise) is ~2.5% per day without heat exposure [102]. As such, a cyclist tapering for 
a major race after a heat acclimation regimen will lose ~35% of their adaptation 
after 2 weeks without heat exposure. However, these adaptations are re-induced at 
a faster rate if heat re-acclimation takes place within 1 month of undertaking the 
first regimen [102].

13.6  Heat Policy in Cycling

As with many sports, cycling’s governing body, the Union Cycliste Internationale 
(UCI), is proactive in trying to enhance the performance and safety of its cyclists. 
For example, during the 2016 UCI Road World Championships in Qatar, a cam-
paign was launched to ‘Beat the Heat’ http://www.uci.ch/mm/Document/News/
News/17/78/85/UCI_BEATTHEHEAT_GB_2016_English.pdf. This involved dis-
seminating information about how heat impacts on performance in different disci-
plines, and how to best prepare for competing in the heat with suggestions on heat 
acclimation, hydration, and cooling strategies. A specific section also addressed 
some of the differences between males, females, and junior cyclists.

One of the main issues with cycling in the heat is that of health and the develop-
ment of exertional heat illness, which represents a continuum of medical conditions 
with potentially severe consequences. Exertional heat illness can affect cyclists in 
both hot and cool environments and its severity can escalate from heat exhaustion, 
to heat injury, and on to heat stroke [103]. Currently, the UCI has an Extreme 
Weather Protocol to subjectively decide on whether to reschedule, shorten, or can-
cel an event (http://www.uci.ch/mm/Document/News/Rulesandregulation/17/30/54/
ProtocoleEWP-E-20160603_English.pdf). This is typically done with an evaluation 
of the prevailing ambient conditions and using the wet-bulb-globe temperature 
(WBGT) index. The WBGT is calculated from outdoor measurements of natural 
wet-bulb, black-globe, and dry-bulb ambient temperatures. Although the WBGT 
does not directly measure air velocity, the effects of wind speed are reflected some-
what by natural wet-bulb temperature.

The WBGT and the Universal Thermal Climate Index (UTCI), an index of 
thermal and regulatory behaviour in occupational settings, were recently evalu-
ated in the context of time trial cycling [81]. In conjunction with ambient air 
temperature being a poor predictor of environmental heat stress, both the WBGT 
and UTCI failed to predict the impact of environmental heat stress on prolonged 
self-paced cycling performance. It was purported that these indices do not suffi-
ciently afford wind speed an important enough weighting in their formulas, as 
trained cyclists travel at speeds greater than 10 m s−1 (36 km h−1) when cycling 
outdoors on flat terrain. This elevated speed can potentially enhance convective 
and evaporative heat loss, which led Junge et al. [81] to develop an integrated heat 
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stress index with a greater weighing for wind speed. Although this index remains 
to be experimentally validated in different environmental settings, exercise 
modalities, and in individuals of varying fitness levels and heat acclimation status, 
it did correlate well (R2 = 0.77) with performance decrements in the heat. It must 
also be acknowledged that whilst racing speeds are elevated in professional 
cycling, the airflow being generated is dependent on position in the peloton during 
a road race, the direction of the prevailing winds, and isolation from the wind by 
terrain and flora.

A recent consensus statement on training and competing in the heat highlighted 
that the WBGT is an environmental heat stress index and not a representation of 
human heat strain [91]. As such, implementing preventive countermeasures and 
evaluating the specific demands of the sport when developing extreme heat policies 
was recommended, as absolute participation cut-off values across different disci-
plines within a sport are difficult to establish. The decision to cancel or alter an 
event should be based not only on the ambient conditions, but also on the amount 
of heat produced by the athlete, along with factors such as time spent in the heat, 
the athletic population, and the time of year. Additional research is therefore 
required.

13.7  Summary

Cycling as a sport involves many sub-disciplines. When undertaken in the heat, 
performance in endurance events is impaired as circulatory and cardiovascular 
adjustments related to temperature regulation render the maintenance of a given 
absolute workload (i.e. power output) progressively more difficult. The develop-
ment of peripheral muscle fatigue that accompanies cyclical pedalling during pro-
tracted events along with the potential hyperthermia-induced reduction in voluntary 
drive further contributes to the impairment in performance. In conjunction with the 
elevated thermal discomfort and unpleasant environmental sensations originating 
from exercising in the heat, a rise in perceived exertion may occur in relation to 
cycling at a particular work rate in cooler conditions. This stems from the progres-
sive decrease in maximal aerobic capacity that occurs during prolonged cycling in 
the heat. Despite these deleterious consequences, an increase in muscle temperature 
can improve power output during a single cycling sprint, and in the absence of 
marked hyperthermia, can enhance repeated-sprint ability. As such, depending on 
the event, several approaches can be utilised to optimise performance. Whether it be 
a vigorous warm-up to increase muscle temperature and augment sprint perfor-
mance or utilising a heat countermeasure (e.g. heat acclimation, pre-cooling) to 
enhance endurance capacity. It is important to remember that certain responses, 
especially with regard to thermoregulation, when cycling in a laboratory versus a 
field setting, may differ. Various responses may also differ between trained and 
untrained individuals, as well as heat acclimated and non-acclimated cyclists. Along 
with performance, the health and safety of cyclists is a primary concern and devel-
oping appropriate approaches to ensure this safety requires additional research.

13 Cycling in the Heat



258

References

 1. Saltin B, Hermansen L. Esophageal, rectal, and muscle temperature during exercise. J Appl 
Physiol. 1966;21(6):1757–62.

 2. Sawka MN, Leon LR, Montain SJ, Sonna LA.  Integrated physiological mechanisms 
of exercise performance, adaptation, and maladaptation to heat stress. Compr Physiol. 
2011;1(4):1883–928.

 3. Tatterson AJ, Hahn AG, Martin DT, Febbraio MA.  Effects of heat stress on physiological 
responses and exercise performance in elite cyclists. J Sci Med Sport. 2000;3(2):186–93.

 4. Périard JD, Cramer MN, Chapman PG, Caillaud C, Thompson MW.  Cardiovascular strain 
impairs prolonged self-paced exercise in the heat. Exp Physiol. 2011;96(2):134–44.

 5. Galloway SD, Maughan RJ. Effects of ambient temperature on the capacity to perform pro-
longed cycle exercise in man. Med Sci Sports Exerc. 1997;29(9):1240–9.

 6. Almudehki F, Girard O, Grantham J, Racinais S. Hot ambient conditions do not alter intermit-
tent cycling sprint performance. J Sci Med Sport. 2012;15(2):148–52.

 7. Girard O, Bishop DJ, Racinais S.  Hot conditions improve power output during repeated 
cycling sprints without modifying neuromuscular fatigue characteristics. Eur J Appl Physiol. 
2013;113(2):359–69.

 8. Drust B, Rasmussen P, Mohr M, Nielsen B, Nybo L. Elevations in core and muscle tempera-
ture impairs repeated sprint performance. Acta Physiol Scand. 2005;183(2):181–90.

 9. Girard O, Brocherie F, Bishop DJ. Sprint performance under heat stress: a review. Scand J Med 
Sci Sports. 2015;25:79–89.

 10. Nichols D, Travers GJS, Moussay S, Belfekih T, Farooq A, Schumacher YO, et al. Health sta-
tus, preparedness and medical events when competing in the heat: a cohort study at the 2016 
UCI Road World Cycling Championships. Unpublished.

 11. Peiffer JJ, Abbiss CR.  Influence of environmental temperature on 40 km cycling time-trial 
performance. Int J Sports Physiol Perform. 2011;6:208–20.

 12. Otani H, Kaya M, Tamaki A, Watson P, Maughan RJ. Air velocity influences thermoregu-
lation and endurance exercise capacity in the heat. Appl Physiol Nutr Metab. 2018;43(2): 
131–8.

 13. Otani H, Kaya M, Tamaki A, Watson P, Maughan RJ. Effects of solar radiation on endurance 
exercise capacity in a hot environment. Eur J Appl Physiol. 2016;116(4):769–79.

 14. Levels K, de Koning J, Broekhuijzen I, Zwaan T, Foster C, Daanen H. Effects of radiant heat 
exposure on pacing pattern during a 15-km cycling time trial. J Sports Sci. 2014;32(9):845–52.

 15. Maughan RJ, Otani H, Watson P. Influence of relative humidity on prolonged exercise capacity 
in a warm environment. Eur J Appl Physiol. 2012;112(6):2313–21.

 16. Périard JD, Caillaud C, Thompson MW.  The role of aerobic fitness and exercise intensity 
on endurance performance in uncompensable heat stress conditions. Eur J Appl Physiol. 
2012;112(6):1989–99.

 17. Rowell LB. Human cardiovascular adjustments to exercise and thermal stress. Physiol Rev. 
1974;54(1):75–159.

 18. Coyle EF, Gonzalez-Alonso J. Cardiovascular drift during prolonged exercise: new perspec-
tives. Exerc Sport Sci Rev. 2001;29(2):88–92.

 19. Cheuvront SN, Kenefick RW, Montain SJ, Sawka MN. Mechanisms of aerobic performance 
impairment with heat stress and dehydration. J Appl Physiol (1985). 2010;109(6):1989–95.

 20. Brengelmann GL, Johnson JM, Hermansen L, Rowell LB. Altered control of skin blood flow 
during exercise at high internal temperatures. J Appl Physiol. 1977;43(5):790–4.

 21. Johnson JM, Minson CT, Kellogg DL. Cutaneous vasodilator and vasoconstrictor mechanisms 
in temperature regulation. Compr Physiol. 2014;4:33–89.

 22. Jose AD, Stitt F, Collison D. The effects of exercise and changes in body temperature on the 
intrinsic heart rate in man. Am Heart J. 1970;79(4):488–98.

 23. Gorman AJ, Proppe DW.  Mechanisms producing tachycardia in conscious baboons during 
environmental heat stress. J Appl Physiol Respir Environ Exerc Physiol. 1984;56(2):441–6.

J. D. Périard and S. Racinais



259

 24. Rowell LB. Circulatory adjustments to dynamic exercise and heat stress: competing controls. 
Human circulation: regulation during physical stress. New  York: Oxford University Press; 
1986. p. 363–406.

 25. Arngrimsson SA, Stewart DJ, Borrani F, Skinner KA, Cureton KJ.  Relation of heart rate 
to percent VO2 peak during submaximal exercise in the heat. J Appl Physiol (1985). 
2003;94(3):1162–8.

 26. Nybo L, Jensen T, Nielsen B, Gonzalez-Alonso J. Effects of marked hyperthermia with and 
without dehydration on VO2 kinetics during intense exercise. J Appl Physiol. 2001;90:1057–64.

 27. Pirnay F, Deroanne R, Petit JM. Maximal oxygen consumption in a hot environment. J Appl 
Physiol. 1970;28(5):642–5.

 28. Périard JD, Racinais S. Heat stress exacerbates the reduction in middle cerebral artery blood 
velocity during prolonged self-paced exercise. Scand J Med Sci Sports. 2015;25(Suppl 
1):135–44.

 29. Arngrimsson SA, Petitt DS, Borrani F, Skinner KA, Cureton KJ. Hyperthermia and maximal 
oxygen uptake in men and women. Eur J Appl Physiol. 2004;92(4–5):524–32.

 30. Périard JD, Racinais S. Self-paced exercise in hot and cool conditions is associated with the 
maintenance of %VO2peak within a narrow range. J Appl Physiol. 2015;118:1258–65.

 31. Mattern CO, Kenefick RW, Kertzer R, Quinn TJ. Impact of starting strategy on cycling perfor-
mance. Int J Sports Med. 2001;22(5):350–5.

 32. Neary JP, Hall K, Bhambhani YN. Vastus medialis muscle oxygenation trends during a simu-
lated 20-km cycle time trial. Eur J Appl Physiol. 2001;85(5):427–33.

 33. Thomas K, Goodall S, Stone M, Howatson G, Gibson AS, Ansley L.  Central and periph-
eral fatigue in male cyclists after 4-, 20-, and 40-km time trials. Med Sci Sports Exerc. 
2015;47(3):537–46.

 34. Périard JD, Racinais S. Performance and pacing during cycle exercise in hyperthermic and 
hypoxic conditions. Med Sci Sports Exerc. 2016;48(5):845–53.

 35. Mora-Rodriguez R, Del Coso J, Hamouti N, Estevez E, Ortega JF. Aerobically trained indi-
viduals have greater increases in rectal temperature than untrained ones during exercise in the 
heat at similar relative intensities. Eur J Appl Physiol. 2010;109(5):973–81.

 36. Sawka MN, Young AJ, Latzka WA, Neufer PD, Quigley MD, Pandolf KB. Human tolerance to 
heat strain during exercise: influence of hydration. J Appl Physiol (1985). 1992;73(1):368–75.

 37. Cheung SS, McLellan TM. Heat acclimation, aerobic fitness, and hydration effects on toler-
ance during uncompensable heat stress. J Appl Physiol. 1998;84(5):1731–9.

 38. Selkirk GA, McLellan TM.  Influence of aerobic fitness and body fatness on tolerance to 
uncompensable heat stress. J Appl Physiol. 2001;91(5):2055–63.

 39. Mora-Rodriguez R.  Influence of aerobic fitness on thermoregulation during exercise in the 
heat. Exerc Sport Sci Rev. 2012;40(2):79–87.

 40. Morrison S, Sleivert GG, Cheung SS. Passive hyperthermia reduces voluntary activation and 
isometric force production. Eur J Appl Physiol. 2004;91(5–6):729–36.

 41. Nybo L, Nielsen B. Hyperthermia and central fatigue during prolonged exercise in humans. J 
Appl Physiol. 2001;91(3):1055–60.

 42. Périard JD, Caillaud C, Thompson MW. Central and peripheral fatigue during passive and 
exercise-induced hyperthermia. Med Sci Sports Exerc. 2011;43(9):1657–65.

 43. Nielsen B, Savard G, Richter EA, Hargreaves M, Saltin B. Muscle blood flow and muscle 
metabolism during exercise and heat stress. J Appl Physiol. 1990;69(3):1040–6.

 44. Nielsen B, Hales JRS, Strange S, Christensen NJ, Warberg J, Saltin B. Human circulatory and 
thermoregulatory adaptations with heat acclimation and exercise in a hot, dry environment. J 
Physiol. 1993;460:467–85.

 45. Périard JD, Cramer MN, Chapman PG, Caillaud C, Thompson MW. Neuromuscular function 
following prolonged intense self-paced exercise in hot climatic conditions. Eur J Appl Physiol. 
2011;111(8):1561–9.

 46. Racinais S, Girard O. Neuromuscular failure is unlikely to explain the early exercise cessation 
in hot ambient conditions. Psychophysiology. 2012;49(6):853–65.

13 Cycling in the Heat



260

 47. Adreani CM, Hill JM, Kaufman MP.  Responses of group III and IV muscle afferents to 
dynamic exercise. J Appl Physiol (1985). 1997;82(6):1811–7.

 48. Kaufman MP, Hayes SG, Adreani CM, Pickar JG. Discharge properties of group III and IV 
muscle afferents. Advances in experimental medicine and biology, vol. 508; 2002. p. 25–32.

 49. Kaufman MP, Rybicki KJ. Discharge properties of group III and IV muscle afferents: their 
responses to mechanical and metabolic stimuli. Circ Res. 1987;61(4 Pt 2):I60–5.

 50. Sidhu SK, Weavil JC, Mangum TS, Jessop JE, Richardson RS, Morgan DE, et al. Group III/
IV locomotor muscle afferents alter motor cortical and corticospinal excitability and promote 
central fatigue during cycling exercise. Clin Neurophysiol. 2017;128(1):44–55.

 51. Rowell LB. Human cardiovascular control. New York: Oxford University Press; 1993.
 52. Périard JD. Hyperthermia and supraspinal fatigue. Exp Physiol. 2016;101(11):1323–4.
 53. Flouris AD, Schlader ZJ.  Human behavioral thermoregulation during exercise in the heat. 

Scand J Med Sci Sports. 2015;25:52–64.
 54. Attia M. Thermal pleasantness and temperature regulation in man. Neurosci Biobehav Rev. 

1984;8:335–42.
 55. Schlader ZJ, Stannard SR, Mundel T. Is peak oxygen uptake a determinant of moderate- duration 

self-paced exercise performance in the heat? Appl Physiol Nutr Metab. 2011;36(6):863–72.
 56. Schlader ZJ, Simmons SE, Stannard SR, Mundel T. Skin temperature as a thermal controller 

of exercise intensity. Eur J Appl Physiol. 2011;111(8):1631–9.
 57. Abbiss CR, Burnett A, Nosaka K, Green JP, Foster JK, Laursen PB. Effect of hot versus cold 

climates on power output, muscle activation, and perceived fatigue during a dynamic 100-km 
cycling trial. J Sports Sci. 2010;28(2):117–25.

 58. Périard JD, De Pauw K, Zanow F, Racinais S. Cerebrocortical activity during self-paced exer-
cise in temperate, hot and hypoxic conditions. Acta Physiol (Oxf). 2018;222:1–13.

 59. Racinais S, Périard JD, Karlsen A, Nybo L. Effect of heat and heat-acclimatization on cycling 
time-trial performance and pacing. Med Sci Sports Exerc. 2015;47(3):601–6.

 60. Barwood MJ, Corbett J, White D, James J. Early change in thermal perception is not a driver 
of anticipatory exercise pacing in the heat. Br J Sports Med. 2012;46(13):936–42.

 61. Sawka MN, Cheuvront SN, Kenefick RW. High skin temperature and hypohydration impair 
aerobic performance. Exp Physiol. 2012;97(3):327–32.

 62. Fitts RH. Cellular mechanisms of muscle fatigue. Phys Rev. 1994;74(1):49–94.
 63. Allen DG, Lamb GD, Westerblad H. Skeletal muscle fatigue: cellular mechanisms. Physiol 

Rev. 2008;88(1):287–332.
 64. Racinais S, Oksa J.  Temperature and neuromuscular function. Scand J Med Sci Sports. 

2010;20(Suppl 3):1–18.
 65. Bergh U, Ekblom B. Influence of muscle temperature on maximal strength and power output 

in human skeletal muscles. Acta Physiol Scand. 1979;107:33–7.
 66. Sargeant AJ. Effect of muscle temperature on leg extension force and short-term power output 

in humans. Eur J Appl Physiol. 1987;56:693–8.
 67. Asmussen E, Boje O.  Body temperature and capacity for work. Acta Physiol Scand. 

1945;10:1–22.
 68. Ball D, Burrows C, Sargeant AJ. Human power output during repeated sprint cycle exercise: 

the influence of thermal stress. Eur J Appl Physiol Occup Physiol. 1999;79(4):360–6.
 69. Linnane DM, Bracken RM, Brooks S, Cox VM, Ball D. Effects of hyperthermia on the meta-

bolic responses to repeated high-intensity exercise. Eur J Appl Physiol. 2004;93(1–2):159–66.
 70. Périard JD, Racinais S, Thompson MW. Adjustments in the force-frequency relationship dur-

ing passive and exercise-induced hyperthermia. Muscle Nerve. 2014;50(5):822–9.
 71. Périard JD, Christian RJ, Knez WL, Racinais S. Voluntary muscle and motor cortical acti-

vation during progressive exercise and passively induced hyperthermia. Exp Physiol. 
2014;99(1):136–48.

 72. Arkesteijn M, Jobson SA, Hopker J, Passfield L. Effect of gradient on cycling gross efficiency 
and technique. Med Sci Sports Exerc. 2013;45(5):920–6.

 73. Sarabon N, Fonda B, Markovic G. Change of muscle activation patterns in uphill cycling of 
varying slope. Eur J Appl Physiol. 2012;112(7):2615–23.

J. D. Périard and S. Racinais



261

 74. Bouillod A, Grappe F.  Physiological and biomechanical responses between seated and 
standing positions during distance based uphill time trials in elite cyclists. J Sports Sci. 
2018;36(10):1173–8.

 75. Emanuele U, Horn T, Denoth J. The relationship between freely chosen cadence and optimal 
cadence in cycling. Int J Sports Physiol Perform. 2012;7(4):375–81.

 76. Lucia A, Hoyos J, Chicharro JL. Preferred pedalling cadence in professional cycling. Med Sci 
Sports Exerc. 2001;33(8):1361–6.

 77. McCole SD, Claney K, Conte JC, Anderson R, Hagberg JM. Energy expenditure during bicy-
cling. J Appl Physiol (1985). 1990;68(2):748–53.

 78. Faria EW, Parker DL, Faria IE. The science of cycling: factors affecting performance - part 2. 
Sports Med. 2005;35(4):313–37.

 79. di Prampero PE.  Cycling on earth, in space, on the moon. Eur J Appl Physiol. 
2000;82(5–6):345–60.

 80. Lazzer S, Plaino L, Antonutto G. The energetics of cycling on Earth, Moon and Mars. Eur J 
Appl Physiol. 2011;111(3):357–66.

 81. Junge N, Jørgensen R, Flouris AD, Nybo L. Prolonged self-paced exercise in the heat – envi-
ronmental factors affecting performance. Temperature. 2016;3(4):539–48.

 82. Brotherhood JR. Heat stress and strain in exercise and sport. J Sci Med Sport. 2008;11(1):6–19.
 83. Saunders AG, Dugas JP, Tucker R, Lambert MI, Noakes TD. The effects of different air veloci-

ties on heat storage and body temperature in humans cycling in a hot, humid environment. Acta 
Physiol Scand. 2005;183(3):241–55.

 84. Goulet ED. Effect of exercise-induced dehydration on time-trial exercise performance: a meta-
analysis. Br J Sports Med. 2011;45(14):1149–56.

 85. Cheuvront SN, Kenefick RW. Dehydration: physiology, assessment, and performance effects. 
Compr Physiol. 2014;4(1):257–85.

 86. Kenefick RW, Cheuvront SN. Hydration for recreational sport and physical activity. Nutr Rev. 
2012;70(Suppl 2):S137–42.

 87. Kenefick RW, Cheuvront SN. Physiological adjustments to hypohydration: impact on thermo-
regulation. Auton Neurosci. 2016;196:47–51.

 88. Sawka MN, Cheuvront SN, Kenefick RW. Hypohydration and human performance: impact of 
environmental and physiological mechanisms. Sports Med. 2015;45(Suppl 1):51–60.

 89. Maughan RJ, Shirreffs SM. Dehydration and rehydration in competitive sport. Scand J Med 
Sci Sports. 2010;20(Suppl 3):40–7.

 90. Kenefick RW.  Drinking strategies: planned drinking versus drinking to thirst. Sports Med. 
2018;48(Suppl 1):31–7.

 91. Racinais S, Alonso J-M, Coutts AJ, Flouris AD, Girard O, Gonzalez-Alonso J, et  al. 
Consensus recommendations on training and competing in the heat. Scand J Med Sci Sports. 
2015;25(Suppl 1):6–19.

 92. Bongers CC, Thijssen DH, Veltmeijer MT, Hopman MT, Eijsvogels TM. Precooling and per-
cooling (cooling during exercise) both improve performance in the heat: a meta-analytical 
review. Br J Sports Med. 2015;49(6):377–84.

 93. Bongers CCWG, Hopman MTE, Eijsvogel TMH. Cooling interventions for athletes- an over-
view of effectiveness, physiological mechanisms, and practical considerations. Temperature. 
2017;4(1):60–78.

 94. Stevens CJ, Taylor L, Dascombe BJ.  Cooling during exercise: an overlooked strategy for 
enhancing endurance performance in the heat. Sports Med. 2017;47(5):829–41.

 95. Racinais S, Cocking S, Periard JD. Sports and environmental temperature: from warming-up 
to heating-up. Temperature (Austin). 2017;4(3):227–57.

 96. Périard JD, Racinais S, Sawka MN.  Adaptations and mechanisms of human heat 
acclimation: applications for competitive athletes and sports. Scand J Med Sci Sports. 
2015;25(S1):20–38.

 97. Taylor NAS. Human heat adaptation. Compr Physiol. 2014;4(1):325–65.
 98. Tyler CJ, Reeve T, Hodges GJ, Cheung SS. The effects of heat adaptation on physiology, percep-

tion and exercise performance in the heat: a meta-analysis. Sports Med. 2016;46(11):1699–724.

13 Cycling in the Heat



262

 99. Horowitz M.  Heat acclimation, epigenetics, and cytoprotection memory. Compr Physiol. 
2014;4(1):199–230.

 100. Périard JD, Travers GJS, Racinais S, Sawka MN.  Cardiovascular adaptations supporting 
human exercise-heat acclimation. Auton Neurosci. 2016;196:52–62.

 101. Guy JH, Deakin GB, Edwards AM, Miller CM, Pyne DB. Adaptation to hot environmental 
conditions: an exploration of the performance basis, procedures and future directions to opti-
mise opportunities for elite athletes. Sports Med. 2015;45(3):303–11.

 102. Daanen HAM, Racinais S, Periard JD. Heat acclimation decay and re-induction: a systematic 
review and meta-analysis. Sports Med. 2018;48(2):409–30.

 103. Leon LR, Bouchama A. Heat stroke. Compr Physiol. 2015;5(2):611–47.

J. D. Périard and S. Racinais



263© Springer Nature Switzerland AG 2019
J. D. Périard, S. Racinais (eds.), Heat Stress in Sport and Exercise, 
https://doi.org/10.1007/978-3-319-93515-7_14

C. D. Bradford 
School of Physical Education, Sport and Exercise Sciences, University of Otago,  
Dunedin, New Zealand 

D. F. Gerrard 
Dunedin School of Medicine, University of Otago, Dunedin, New Zealand 

J. D. Cotter (*) 
Exercise and Environmental Physiology, School of Physical Education, Sport and Exercise 
Sciences, Division of Sciences, University of Otago, Dunedin, New Zealand
e-mail: jim.cotter@otago.ac.nz

14Open-Water Swimming

Carl D. Bradford, David F. Gerrard, and James D. Cotter

A Relatively New, Challenging and Unique Sport Open-water swimming (OWS) 
is defined by its governing body, FINA (Fédération Internationale de Natation), as 
any competition that takes place in rivers, lakes, oceans or water channels. Major 
competitions are typically 5, 10 or 25 km, whereas Marathon swimming specifically 
defines any 10-km event in open-water conditions. FINA first hosted an OWS 
Marathon at its World Championships in Perth, Western Australia in 1991, and it 
has been included in the Olympic aquatics programme since Beijing, 2008. 
A Marathon World Cup is now also well established and overseen by technical and 
medical officials. An additional FINA Grand Prix series has also emerged, featuring 
races from 10 to 88 km at various international venues, while other swims typically 
include crossings of famous waterways. OWS is governed by FINA’s OWS Rules 
and Regulations, and is swum front crawl. Specific By-Laws govern the risk man-
agement and safety of competitors in all FINA-sanctioned events. OWS is also rep-
resented over shorter distances (typically 0.75–3.8 km) in multisport events such as 
Triathlon and Ironman (see Chap. 15), with rules set largely by the International 
Triathlon Union (ITU).

The major differences with OWS relative to pool swimming are the variability of 
environmental factors (e.g. water temperature; Tw) and the distance (1500 m being 
the longest pool event). Longer distance and hence longer duration of swimming 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-93515-7_14&domain=pdf
mailto:jim.cotter@otago.ac.nz


264

introduces the concept of feeding stations (pontoons) from which competitors may 
receive food and drink from support staff as they swim past (especially for 10-km 
events). Elite competition, held at a variety of international venues, requires exten-
sive travel with attendant circadian dysrhythmia, climatic variation and other chal-
lenges of the local aquatic venue. Great variance may occur in Tw, dry bulb air 
temperature (Tdb), humidity, solar radiation, water currents, water type and quality, 
wind, chop and swells. Warm Tw is mostly accompanied by high Tdb (e.g. 35–40 °C; 
dry tropics) or moderate Tdb with high humidity (e.g. >2 kPa; wet tropics or season). 
Such environments may seriously challenge the thermoregulatory capacity of swim-
mers with high rates of metabolic heat production held for durations of 1–2 h in 5- 
and 10-km events, respectively. Immersion (hydrostatic pressure), the prone posture 
and the upper-body-dominated nature of exercise add further complexity to the 
physical and physiological effects of OWS.

Thermodynamics of OWS Metabolic rate can be increased up to 20 times (to as 
much as 84 kJ min−1) during endurance exercise. Due to the relatively poor effi-
ciency of oxidative metabolism, more than 75% of the energy is lost as heat even in 
the most efficient modes of locomotion. Swimming has a low efficiency of mechan-
ical work (~5–10%, or ~8–10% at the speeds involved in elite OWS; i.e. ~1.4 m s−1; 
[1]), and no net storage of kinetic or potential energy. The metabolic rate of swim-
ming at ~1.4  m  s−1 has been reported to be 3.25  L  min−1 (~1000  W; [1]) up to 
5 L min−1 (~1750 W; [2]). Fortunately for swimmers, however, the upper limbs and 
trunk muscles produce much of this heat and perhaps upward of half is conducted 
and convected directly to skin overlaying the active muscles [3].

Of particular interest for OWS are the differences in thermoregulation and heat 
exchange that arise from exercising in water. Evaporation, the body’s most powerful 
heat loss mechanism in air, is nullified for continuously immersed skin. Evaporation 
can occur particularly from an upper limb during its recovery phase but the surface 
area of one upper limb is small (~10%) and the time exposed to air is limited 
(<50%). However, water has a much higher heat capacity than air (4.18 kJ kg−1 °C−1 
vs. 1.30 kJ (m3)−1 °C−1, respectively), and a 25-fold greater conductivity (0.600 vs. 
0.025 W/(m K)) [4, 5], thus facilitating many-fold faster conductive and convective 
transfer. Nevertheless, with the major impediment to evaporation, a largely unan-
swered question is whether individuals who exercise in warm water are also suscep-
tible to larger increases in body temperature. We have preliminary data from ~90 
maximal effort performance swims in Tw of 30–33 °C (at similar Tdb), which showed 
that such increases are no larger than for running in warm conditions outdoors 
(unpublished data and [6]).

OWS in warm water normally involves considerable radiant heat load, especially 
given the prone posture of exercise. This aspect of OWS thermodynamics has been 
overlooked in almost all laboratory-based studies, yet the findings from such studies 
are implicitly or explicitly applied to outdoor settings. Irradiance (light energy) 
from the midday sun on a clear day in tropical locations can reach 1  kW  m−2. 
Nielsen  et  al. [7] have shown that exercising outdoors under clear sunny skies 
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(solar radiation intensities of 300–700 W m−2) can impose an additional heat load of 
~100 W. In terrestrial exercise this additional load appears to incur increased sweat-
ing of ~150–180 g h−1, along with an elevated heart rate by 8 b min−1 and V̇O2 by 
0.15 L min−1 [7]. Other research has determined that the Tdb equivalent for solar 
radiation experienced in a desert environment in summer is an additional ~7–10 °C 
[8]. We have not found a measureable increase in rectal temperature (Tre), heart rate 
or sweat rate when adding radiant heat load (~400–800 W m−2) in a small pilot 
study of 20- and 120-min swim performance trials in ambient heat stress (32 °C Tw 
and Tdb). Thus, despite the potential for radiant heat load to add to the heat burden 
of OWS, the few available (laboratory-based) data do not yet support it having a 
notable impact.

Rate of heat gain/loss when exercising nearly naked in water is linearly depen-
dent on surface area and the skin temperature (Tsk)—Tw gradient, and non-linearly 
(diminishingly) on the velocity of skin relative to water. Change in thermal energy 
and thus mean body temperature depends further on passive and active factors. 
Passive factors are body mass, mass:area ratio, tissue specific heat and the distribu-
tion and extent of subcutaneous fat. Active factors are rate of heat production and 
blood flow to skin and superficial muscle, which is governed mostly by Tc. Active 
and passive factors interact in numerous ways, for example, when immersed in cool 
and cold water the reduction in Tc and increase in V̇O2 are proportional to both the 
subcutaneous fat thickness and the Tw [9–12]. Within a given individual, the rate of 
forced convective heat transfer therefore depends largely on the difference between 
Tw and Tc and on the activity [4].

Heat transfer is maximised for swimming for multiple reasons, one of which is 
that almost the entire skin surface is perpendicular to the water flow (i.e. in contrast 
to running in water or on land, for example). Swimming also uses muscles through-
out the body. Combined upper- and lower-body exercise, and upper-body exercise 
alone, cause a lower rise in Tc than for lower-body exercise alone, within cool and 
temperate Tw (i.e. within 20 and 26 but not 33 °C water) [13]. These larger effects 
for exercise that utilises the arms are likely due to: (1) the smaller muscle mass, 
which can lead to relatively greater blood flow than the legs; (2) the relative close-
ness of this arm-muscle blood supply to the skin (coupled with a smaller subcutane-
ous fat layer compared to the legs) reducing the conductive distance leading to 
higher convective heat transfer and (3) the greater surface area:mass ratio causing a 
greater conductive and convective heat loss at the skin–water interface [13]. 
Therefore, the primary use of arms in swimming, especially over longer distances, 
may lead to greater heat losses in water. This also indicates that the results obtained 
from immersion research using cycling and running exercise (especially if the run-
ning does not include much arm movement) would be erroneously applied to upper- 
body- dominated exercise like swimming, due to these differences in heat loss and 
other issues such as the head and face being largely immersed when swimming. 
Greater heat loss may be beneficial in warmer water but possibly detrimental in cool 
and cold water.

In addition to autonomic and metabolic thermoeffector responses, behavioural 
mechanisms are critically important in helping maintain thermal homeostasis. 
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In fact, behavioural thermoregulation is more sensitive [14] than autonomic thermo-
regulation and is of utmost importance for safe and effective performance of endur-
ance exercise (see Chap. 1). In warm water, the loss of evaporative cooling 
potentially increases one’s reliance on behaviour for effective thermoregulation 
(especially via pacing), although many relevant behavioural responses—such as 
adjusting posture, donning clothing (wetsuit) or moving to a warmer environment—
are constrained or unavailable in many OWS settings. The basic drive for behav-
ioural thermoregulation is thermal displeasure or discomfort. Thermal discomfort 
appears more dependent on Tsk as a thermal input than autonomic thermoregulation 
does, so the importance of Tsk (and thus Tw) should not be underestimated [14]. Yet, 
data are lacking as to whether swimmers can sense their thermal strain and respond 
appropriately. This cannot be assumed. The control of thermal comfort during exer-
cise differs from that at rest [15, 16]. Most naturally occurring bodies of warm water 
will be <33 °C, which clamps the entire skin at a uniform temperature and at a level 
that would—in air—be associated with thermal comfort (~33 °C) or cool- related 
discomfort (<30 °C) [17]. Thus, thermo-afferent drive from the skin could be coun-
teractive and thus counterproductive to that from the core when considering that 
high-intensity exercise will impact Tc in the face of a Tsk that is clamped at ‘inap-
propriately’ low levels from a sensory perspective. This leads to the question of 
whether swimmers are able to perceive their thermal strain, or whether the percep-
tion and reality are uncoupled. Two studies provide preliminary data relevant to this 
question. We found that swimmers were in fact able to accurately detect their heat 
strain (as measured rectally, in controlled Tw and Tdb conditions), at least as strongly 
as during terrestrial exercise, despite Tsk being clamped during swims in Tw of 30, 32 
and 33 °C [6, 18]. Similarly, McKenzie [19] had eight males cycle for ~45 min at 
~60% V̇O2 max in 29.7 and 31.5 °C water, and heat-related discomfort was rated 
8/10 in the 31.5 °C water despite Tre plateauing at only 38.06 °C. Therefore, swim-
mers are not necessarily at increased risk of insidious hyperthermia.

14.1  Influence of Heat on Performance and Health

Few studies have examined performance per se, or performance- or health-related 
physiological effects of intense or prolonged exercise in water (especially warm 
water), and even fewer used swimming. Knowledge pertaining to OWS competition 
is further limited because most studies using swimming exercise have used different 
strokes, relatively low and controlled exercise intensities (≤50% V̇O2 max) and 
short exercise durations (≤30 min). Also, these studies have mostly been conducted 
in a swimming pool, thereby restricting the ability to collect physiological data 
while also impairing ecological validity (e.g. fixed Tw and turns at each end). Effects 
of radiant heat load in warm Tw have not been examined other than as mentioned 
above. These points are important if the results are to be transferred to OWS, espe-
cially for longer swims (>20 min or 1.5 km).

Only five studies, to our knowledge, have examined effects of warm Tw over 
distances and intensities relevant to OWS. Robinson and Somers [20] undertook the 
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first of these and also used elite swimmers. Six male Olympic-level swimmers 
swam as far as possible in 60 min in each of three Tw, averaging 33.5, 29.0 and 
21.0 °C. The authors also included a comparison to a single runner on a treadmill (at 
approximately the same metabolic rate; 585 W m−2) for 60 min in two Tdb, averaging 
25.0 and 9.3  °C. The Tre of the two fastest swimmers increased to 38.4  °C after 
60 min in the 33.5 °C water (metabolic rate 580–605 W m−2). This was a similar 
peak Tre to that seen in the runner after 60 min (38.6 °C) exercising in the cool air 
(9.3 °C), but the runner appears to have started with a Tre ~0.5 °C lower, therefore 
his rise was even more than the swimmers. Further, the Tre of the runner in 25.0 °C 
air ended much higher (39.7 °C) than in the fastest swimmers in 33.5 °C water (i.e. 
38.4 °C). In the cool water (21.0 °C), the slightly slower swimmers (metabolic rate 
of 390–465 W m−2) showed a small drop in Tre, from 37.5 to 37.1 °C. However, 
while also struggling in the cool conditions, the two fastest swimmers (metabolic 
rate of 560–595 W m−2) showed a small increase in Tre, from 37.3 to 37.9 °C. Thus, 
it appears that after 60 min of intense exercise at a similar metabolic rate, the Tre of 
a runner in temperate air (25 °C) can rise to a potentially concerning level of 39.7 °C, 
while a swimmer in warm water (33.5  °C) appears to remain a modest Tre of 
38.4 °C. This finding cannot be considered to apply to all swimmers due to likely 
differences in swimming efficiency and body composition that may affect heat 
balance.

Holmér and Berg [10] had five males (incl. two swimmers) complete incremental 
swimming tests to exhaustion lasting 5–8 min after a 20-min preload of swimming 
at 50% V̇O2 max in each of 18, 26 and 34 °C Tw, in a swimming flume. Each partici-
pant undertook an identical running protocol in 20–22 °C air on a treadmill. The 
authors found no significant difference in performance between Tw (detail not 
reported). Other relevant findings included (1) highly variable oesophageal tem-
perature (Toes) in cool water but homogeneous Toes in warm water, (2) vastus lateralis 
temperature averaged ~1 °C above Toes and (3) both of these were higher after run-
ning than swimming, regardless of Tw.

Macaluso et al. [21] had competitive Masters swimmers complete a 5-km race 
simulation in three Tw: 23, 27 and 32 °C. This OWS simulation was completed in an 
indoor 25-m pool, and the average split times (94–95 s 100 m−1) indicate that the 
participants were at least moderately trained. Performance was impaired by both 
cool and warm water; mean times were 5.3% slower in 23 °C and 3.7% slower in 
32 °C than in 27 °C. Yet, the Tre (from mercury thermometers before and after each 
swim) showed minimal change in 23 °C water and mean rises of 0.9 °C in 27 °C 
water and 1.1 °C in 32 °C water. The peak Tre recorded after the 5-km swims in 27 
and 32 °C water (which took 75–80 min) was only ~38 °C, and thus supports the 
earlier findings [20] in showing only modest heat strain effects of swimming in 
overtly warm Tw. Thus, performance was optimised—on average—when swim-
ming in normal pool temperatures, and impairments in cooler or warmer water were 
(again, on average) not attributable to swimmers reaching the limits of tolerable Tc.

Two studies examining the effect of cold-water ingestion in international-level 
OWS during pool training (Tw: ~30 °C) and competition (Tw: 28–29 °C) showed Tc 
increases of <1.0 °C during swims with neutral-water ingestion [22, 23]. Swim pace 
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was similar, although no maximal performance trials were completed to examine 
the effects of fluid temperature.

Unpublished data from our laboratory indicate performance swim distance was 
4–7% less in 32 °C compared to 27 °C across 20-, 60- and 120-min distance trials 
in well-trained swimmers. Effects were clear for 20 and 60 min only. The magnitude 
of impairment was also more homogeneous than the performance effects of swim-
ming in the coolest water used for non-wetsuit swimming in ITU events, i.e. 20 °C, 
wherein some swimmers were faster and some slower than in 27 °C. These perfor-
mance effects are logical because 32 °C is heat stressful for all swimmers and thus 
incurs multiple forms of physiological and psychophysical strain that could contrib-
ute to fatigue, whereas cool water will be a net cold stress to some swimmers (espe-
cially lean or slow) [10, 24], but thermally optimal for others (especially a 
combination of large, adipose and fit, for reasons described above and observed 
previously [25]).

We also had eight trained swimmers undertake self-paced performance swims in 
33 °C before and after 6 days of heat acclimation (1 h of interval and continuous 
swimming) in a swimming flume at this same Tw and Tdb [6]. Swims included a 
10-min warm-up, a 20-min distance trial and 30 min at an intensity aimed at maxi-
mising training load and heat strain. Thermoregulatory responses during warm- 
water swimming were compared against those of terrestrial exercise (cycle 
ergometry) under conditions intended to incur equivalent Tsk (~33 °C; Tdb 29 °C, 
60% RH, 3 m/s air velocity; va). Swimmers’ heat strain at completion of the 20-min 
distance trial was modest, i.e. peak Tre was on average 38.3 °C (range: 37.5–38.7). 
Notably, this did not exceed the peak Tre of terrestrial exercise (38.4  °C; range: 
37.7–39.0), was comparable with the peak obtained during the daily 60-min heat 
acclimation swims (~38.0 °C) and was minimally higher than the peak recorded 
from an overlapping cohort doing 20-min distance trials in temperate (27 °C) water 
(38.0 °C; range: 37.2–38.8).

Safety monitoring of athletes’ Tc (gastrointestinal pill) has been undertaken in 
some international OWS competitions held in Asia (Tw 25.0–32.0 °C). As shown in 
Fig. 14.1, Tc from five such races is typically higher than in flume-based equivalent 
Tw, and while peak Tc is ~39 °C, on average, Tc up to 40.0 °C was evident. The 
higher Tc seems unlikely to be a methodological issue of the site of Tc measurement 
[26], and thus highlights the importance of gaining further such race data during 
OWS competition. It is equally important to contextualise these against the at-least- 
as-high Tc that occur during terrestrial endurance competition of similar durations in 
these geographic regions and to understand the importance of intact behavioural 
thermoregulation (discussed below).

The Physiology of OWS Brief discussion of the physiology of OWS training and 
competition is warranted here because of its importance to performance, health and 
potential countermeasures to heat stress. A far more extensive and contemporary 
review of the physiology of immersion and swimming is available elsewhere [27]. 
Table 14.1 is a summary of the causes of strain and potential countermeasures. It is 
critical for the reader to appreciate that the multiple impacts of OWS in warm water 
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(shown in Table 14.1) will have interactive effects that could acutely impair health 
or performance [28].

Cardiovascular and Metabolic Another consequence of predominantly arm-based 
exercise is that cardiorespiratory, autonomic and metabolic strain of exercise is 
greater than would be incurred from equivalent leg-based exercise [29–31]. This has 
numerous implications for health, performance and potential countermeasures. For 
example, the higher rate pressure product will increase the risk of myocardial infarc-
tion in susceptible swimmers, particularly in cool water. Conversely, rates of local 
and whole-body glycogenolysis are higher ([32]; and presumably more so in warmer 
Tw [33]), which would make OWS advantageous as a form of exercise for facilitat-
ing glucose removal from the blood, but disadvantageous for endurance swimming 
performance. Hypoglycaemia can develop despite regular intake of carbohydrate 
(~0.7 g/kg/h) during arm-based exercise (e.g. kayaking) within other ultra- endurance 
settings, and seems to be specific to the arm exercise [34], so warrants consideration 
as a potential problem especially during longer OWS events.

Inflammatory Considerations OWS racing in warm water will increase competi-
tion for blood flow by the skin and muscles, further reducing gut blood flow for 
extended durations, a response that can contribute to exercise-induced endotoxae-
mia in terrestrial settings ([35]; Chap. 5). Indeed, some of the increased Tc during 

0 20 40 60 80 100 120 140 160

40.5

40.0

39.5

39.0

38.5

38.0

37.5

37.0

Swim Time (min)

In
te

st
in

al
 T

em
p

er
at

u
re

 (
°C

)

Fig. 14.1 Gastrointestinal pill thermometer-recorded temperatures from five swimmers during 
OWS competitions in Asian ocean and lake swims of 5 km (thick lines) and 10 km (thin lines). Tw 
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prolonged exercise in hot ambient conditions appears to be due to inflammatory 
mediators [36], but the extent to which this occurs in endurance-trained swimmers 
is unknown. It is possible that sustained, intense and hence energy-depleting exer-
cise that relies mostly on upper-limb and -trunk muscles may also lead to exercise- 
induced muscle inflammation despite the absence of eccentric contraction and 
ground reaction forces. Importantly, these may be two key pathways (heat-induced 
endotoxaemia and heat-induced tissue damage) that can contribute to the develop-
ment of heat stroke, both of which appear to be associated with systemic inflamma-
tion ([37, 38]; discussed in Chap. 5). Thus, exercise may increase local inflammation 
and compromise heat tolerance by increasing the pro-inflammatory cytokine 
response through endotoxaemia. Swimmers with high training loads may be at 
increased risk of heat stroke due to a combination of factors such as immunosup-
pression, musculoskeletal inflammation, subclinical infections (including from 
ingestion of water while swimming) and gastrointestinal disturbances contributing 
to increased pro-inflammatory and decreased anti-LPS (lipopolysaccharide) activity 
during heat stress and exercise [37]. Such effects seem worthy of studying, even if 
via observational studies within elite and recreational swimmers.

Blood Volume Dehydration (i.e. net loss of body water) is common with endurance 
exercise and, while not apparent in a study of elite swimmers training in a pool [39], 
may be exacerbated for OWS in warm water, for a few reasons. Reasons include the 
(1) prolonged duration in warm water, (2) limited opportunities to rehydrate during 
races and (3) unique neuroendocrine and hydrostatic effects that combine to drive a 
greater diuresis than in terrestrial activity. Specifically, an initial increase in blood 
volume can occur as the external hydrostatic pressure may reverse the normal trans-
capillary pressure gradient (Starling forces), facilitating movement of interstitial 
fluid, particularly in the legs, into the intravascular space [40, 41]. However, the 
hydrostatic squeeze and a prone posture both act to increase venous return and the 
resultant increase in mean arterial pressure and central blood volume and pressure 
will ultimately favour diuresis (after ~30–60 min) by way of increased secretion of 
atrial natriuretic peptide and suppression of antidiuretic hormone [41–43]. Modest 
and cool Tsk will exacerbate this effect by limiting venous pooling and further 
increasing central blood volume. Speculatively, swimmers may benefit from the 
initial immersion and posture-related increases in blood volume, and this may even 
allow increased skin blood flow [44], which in warm water would assist heat loss. 
However, the combined effect of renal- and sweat-induced dehydration from more 
prolonged immersion may increase the competition for blood flow, thus reducing 
the capacity to store and remove heat and circulate oxygen and substrates [45]. This 
is complicated by exercising in water, which may have an opposite effect on plasma 
volume (i.e. decrease) and neuroendocrine responses [46–49].

Sweating Sweat rates during terrestrial endurance events in temperate and warm 
conditions can vary between individuals but are typically ~0.5–2.5 L h−1 in the 
OWS-comparable sport of Marathon running [50]. These sweat rates are similar to 
those reported during 5-km performance swims in 27 and 32 °C Tw [21] and also 
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our unpublished observations from 60- and 120-min swims in similar Tw (range: 
~0.1–2.2  L  h−1), despite hidromeiosis presumably acting to constrain sweating 
[51]. Even so, these rates are unhelpful to swimmers because they contribute noth-
ing to the (very small) evaporation that will occur from exposed skin, and exacer-
bate renal losses. Presumably, most elite swimmers would already be aware of 
their body mass changes in training and racing, thus these magnitudes may not be 
surprising. However, since there is a strong likelihood many swimmers ingest 
water (during the stroke, and more than they are aware of), these similar rates of 
mass loss compared to terrestrial athletes might underestimate sweat loss. This has 
implications for hydration and feeding strategies of 10-km swimmers and high-
lights a possibly problematic situation for swimmers in sea water events where the 
swallowing of salty sea water may exacerbate dehydration (transiently) through 
intestinal absorption of extracellular fluid. This is an area where further research 
would certainly be warranted.

The unique thermodynamics of OWS would appear to produce very a challeng-
ing environment for at least three settings. One is elite swimmers competing in 5- 
and 10-km events in cool (~20 °C) water, by virtue of swimmers’ low adiposity, 
high area:mass ratio and high velocity. Multiple laboratory-based studies demon-
strate the inability of such swimmers to maintain Tc in cool water regardless of their 
velocity, so in the absence of a wetsuit or any other effective and realistic counter-
measure (Table 14.1), their safety depends on race duration, intact behavioural ther-
moregulation and an adequate opportunity to exit the water. Another group is small 
and slow swimmers in prolonged mass participation events in cool water, by virtue 
of low metabolic rate, low thermal mass and high area:mass ratio and often a limited 
opportunity to remove themselves from the setting. Their risk is evident in field 
studies showing high casualty rates (e.g. [24]), especially compared with specialist 
long-distance events (e.g. channel swims), which are undertaken by experienced, fit 
and morphologically suited swimmers. For both of the above-mentioned settings, a 
wetsuit is of obvious potential value, but also provides buoyancy and lessens drag 
and was therefore illegal in FINA-sanctioned events and in ITU events above 
category- specific Tw. Another concern is whether the performance advantage 
afforded by the buoyancy makes its use ubiquitous and hence exposes cold-tolerant 
swimmers to heat injury. These issues are addressed below under 
countermeasures.

The third thermally challenging setting is elite swimmers in warm water, by vir-
tue of their high metabolic rate. This potential is highlighted by the death of an elite 
and experienced, American swimmer, Fran Crippen, during a FINA 10-km World 
Cup event in Fujairah, UAE in 2010. Official reports indicate that Tw at this event 
was 29 °C, but anecdotal athlete reports suggest it was more likely 31–33 °C [52]. 
The ambient conditions were reported as Tdb 35  °C, and while no humidity was 
officially recorded, meteorological records show the daily humidity to have ranged 
from 45 to 75% (i.e. ~3 kPa). Being late morning, radiant heat load will also have 
been present. The consequences of that tragedy are further addressed in the final 
section below.
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Health and performance effects of OWS in warm water must be kept in perspec-
tive relative to those of cool water. Hypothermia appears to be relatively prevalent 
in cool water, and the prevalence of mortality also appears to be far higher in cool 
[53] than warm water, but of course so is the exposure, so exposure-normalised risk 
would be valuable to establish. Competitive swimming in cool water carries addi-
tional and unique risk factors, especially to cardiac safety. The cold shock response 
and cold-induced incapacitation are well-recognised risks, but ‘autonomic conflict’ 
(dual sympathetic and parasympathetic activation; [54]) may constitute a special 
hazard warranting attention (see: [53, 55]). Notably, the above-mentioned OWS 
simulations undertaken at the University of Otago showed more problems with cool 
(20 °C) water than 32 °C water in regard to athletes’ tolerance.

Given that both cool and warm/hot water exert so many physiological effects, it is 
unsurprising (but also somewhat ironic) that both passive and active cool and warm 
water immersion are also of rapidly growing interest for their potential to stimulate 
health-related adaptations [56–59], including aerobic fitness adaptations [60].

14.2  Countermeasures to Optimise Performance and Health

Acute Thermoregulation Behavioural and autonomic thermoeffector responses 
are both vital in helping maintain thermal homeostasis, and are vital prerequisites to 
optimising performance and health. Behavioural thermoregulation is the more sen-
sitive and more powerful of these, as detailed in Chap. 1 and discussed earlier in this 
chapter. Thermoregulatory behaviour during heat-stressful competition is most eas-
ily achieved by reducing pace (i.e. heat production), whereas in cold-stressful com-
petition it would seem prudent not to enter the event in the first place if the swimmer 
knows themselves to be cold intolerant. Increasing (or decreasing) adiposity and 
thus one’s passive thermoregulatory capacity (body mass, mass:area ratio and espe-
cially insulation) over the months preceding cold (or heat) stressful OWS competi-
tion is theoretically possible but may not be practicable, not least because 
subcutaneous fat on the arms is most important in both circumstances but is mini-
mally affected.

Adaptive Thermoregulation Heat acclimation, as reviewed thoroughly in Chap. 
8, is a common strategy used in terrestrial sports to improve performance and 
tolerance in hot environments. Heat acclimation modifies several elements of 
active thermoregulation that collectively lessen heat content and increase the 
capacity for its storage. The adaptations most relevant for OWS include reduced 
resting Tc, increased blood volume, and increased skin blood flow, whereas any 
attendant increase in sweating power would be counterproductive (i.e. hasten 
dehydration without any evaporative benefit). The reduction in resting Tc and thus 
exercising Tc develops rapidly (mostly within seven exposures), as does hyper-
volaemia [61, 62], whereas peripheral aspects of the increased skin blood flow 
develop more slowly [63].
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A commonality to most heat acclimation and acclimatisation protocols used to 
date is that they are terrestrial, whereas OWS is obviously aquatic. Resting in hot 
water or swimming in warm water may be more specific for swimmers, especially 
if undertaking heat acclimatisation. However, the main adaptations that arise from 
repeated bouts of exercise in air may be limited especially for swimming in water. 
For example, the increased conductivity of water and primarily arm-based exercise 
may reduce thermal strain, while the prone posture and hydrostatic pressure will 
attenuate the acute reductions in central venous pressure and renal blood flow. 
Accordingly, we [6] found that short-term (1 h/day for 6–7 days) heat acclimation 
using swimming in warm (33 °C) water did not confer measurable heat adaptations 
for trained swimmers, nor did it improve performance in warm or temperate Tw, or 
warm terrestrial exercise. There is one report of heat acclimatisation leading to 
improved performance (by 10 s, or ~4%) in temperate water 30 days after the accli-
matisation [64] but this requires verification. It remains unknown whether resting in 
hot water and/or exercise in hot air would provide physiological, psychophysical or 
functional benefits for swimmers, but such research would be valuable. Matching 
time of day of heat stress bouts to the impending competition has been considered 
important for gaining the thermal advantage of a lower Tc [65] although recent 
research using post-exercise hot water immersion indicates this is possibly unneces-
sary [66]. It would also seem prudent to exercise upright (to target cardiovascular 
rather than sudomotor adaptations), incorporate some upper-limb exercise and pro-
vide intensity rather than volume of heat stress in each session.

Thermal Protection As mentioned above, one problem facing the organisations 
overseeing OWS (i.e. FINA, ITU and IOC) is whether wearing a wetsuit helps pro-
tect against hypothermia in susceptible swimmers without imposing undue heat 
strain in tolerant swimmers. We therefore undertook, and report here, a small study 
of the effect of wetsuit usage in 22 °C Tw (21.4 °C Tdb), i.e. the ITU threshold at and 
above which wetsuits were not permitted to be worn. Swimmers undertook 1500-m 
performance trials with and without a wetsuit, in crossover fashion on separate 
days. Participants were eight well-trained surf swimmers and triathletes (4 males, 4 
females); body fat averaged 14% (SD 5; range: 6–22%) as determined using 
8- electrode bioimpedance analysis. Body mass averaged 67.3 kg (9.9; range 49.1–
77.5), and body mass index (BMI) averaged 22.3 kg m−2 (1.8; range 18.7–25.0). 
Without a wetsuit, oesophageal temperature (Toes) fell in two of the eight swim-
mers—reaching 35.3 °C in one (Fig. 14.2, top panels)—without any notable cold 
discomfort (Fig. 14.2, middle panels), whereas the wetsuit prevented a decline in 
Toes in both swimmers. When wearing the wetsuit, Toes rose 0.6 ± 0.6 °C (mean ± 95% 
CI) more than when not wearing it (0.8 vs 0.2 °C; P = 0.03; ES = 0.94). Adiposity 
predicted one third (32%) of the variability in Toes response when not wearing a 
wetsuit, but none (1%) when wearing a wetsuit. The wetsuit effect on Toes was larg-
est in those who were coolest without it (r = 0.77; Fig. 14.2, bottom panel), and had 
negligible effect (<0.3 °C) for the two swimmers whose Toes rose >1.0 °C without it. 
Perhaps most importantly, thermal discomfort was closely coupled with rising Toes 
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with a wetsuit, but not when swimming without it (Fig. 14.2, middle panels). These 
data preliminarily indicate that wetsuit usage can provide thermal protection in 
cold-intolerant swimmers without imposing excessive heat stress or insidious heat-
ing of the core in others, whereas core cooling was evident without a wetsuit and 
failed to elicit discomfort.
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Fig. 14.2 Oesophageal temperature (Toes; top panels) and thermal discomfort (middle panels) in 
response to swimming 1500 m with or without a wetsuit in 22 °C water. The top panels show Toes 
responses in relation to adiposity, while the middle ones show thermal discomfort in relation to Toes. 
The bottom panel shows the effect of wearing a wetsuit, relative to the response in the no wetsuit 
swim. These data show that a wetsuit prevented core cooling in cold susceptible swimmers, with-
out adding notably to the rise in Toes in other swimmers of this cohort, and any swimmer whose Toes 
rose while wearing the wetsuit also became uncomfortably hot
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The use of a swim cap may also influence the thermal status of swimmers in 
warm and cool water. One study showed that wearing a silicon cap during warm-up 
and an 800-m time trial led to 0.3 °C higher Tc, compared with no cap, and was 
associated with ~2% faster performance despite similar physiological and subjec-
tive measures in ~33 °C water [67].

Thermal Manipulation Swimmers’ heat content can be manipulated up or down 
during the hour before competition using an active warm-up or a precooling strat-
egy, respectively. These are often used in combination, but both require scrutiny. 
The rise in Tc incurred by a 20-min warm-up will easily wipe out all of the calori-
metric (thermal reserve) benefit gained from a 7- to 10-day heat acclimation. Warm- 
ups are also typically far longer than is physiologically necessary even for 
severe-intensity dynamic exercise performed at V̇O2 max [68]. Performance gains 
are modest for such exercise so may be either non-existent or counterproductive for 
the prolonged, concentric-contraction and body-weight-supported nature of 
OWS. Therefore, an obvious countermeasure that warrants an open mind and care-
ful investigation by sport scientists and swimmers is limiting the warm-up (e.g. to 
3–4 min of upper-body exercise) or potentially removing it before competitions in 
warm water. This would aid heat storage capacity while also minimising loss of 
substrates (water and energy) and time, along with psychological dependence.

Pre-race cooling strategies (as discussed in Chap. 7) may help mitigate some of 
the heat stress encountered by OWS in warm water, but seem likely to provide only 
modest physiological and performance benefit for 5-km races and negligible benefit 
for 10-km events. Specifically, the overwhelming dominance of convective heat 
transfer in OWS will reduce or reverse the normal heat transfer gradients between 
skin and water, and thereby further reduce the already-modest benefits of precool-
ing that exist in ecologically valid terrestrial exercise settings. Ingesting an ice 
slurry before competition seems more thermodynamically appropriate for OWS.

OWS is conspicuous among endurance sports in affording athletes no meaning-
ful opportunity for supplemental cooling during competition, other than by reduc-
ing their pace. Ingestion of cool fluids has been shown to have little effect [69], 
although there is some evidence it may be thermally beneficial during endurance 
swimming in warm water [22, 23]. Ingesting an ice slurry during a race seems 
unwise for at least two reasons, however. First, its rate of ingestion is too slow due 
to the intense cold, whereas the time available for ingesting fluid and energy is so 
heavily constrained. Second, the gut has recently been shown to be thermosensitive 
and thus participates actively in thermoregulatory control. This will potentially 
reduce athletes’ thermal safety reserve for heat injury and might explain findings of 
athletes achieving higher performance and peak Tc during heat-stressful exercise 
after consuming an ice slurry within laboratory-based experiments.

Energy and Hydration Beginning a race with high muscle and liver glycogen 
content seems essential because of the prolonged, mostly arm-based exercise and 
limited opportunity for ingestion from the pontoons while racing. Optimal rates of 
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intake of up to >90 g carbohydrate per hour are realistic for elite terrestrial athletes 
ingesting a composite of simple sugars [70], but we are unaware whether this applies 
also to OWS. Gastric emptying and intestinal absorption might be enhanced by the 
mechanical action, posture or hydrostatic effects of swimming, but could alterna-
tively be impaired if sympathetic activation is higher than for running or cycling. 
Swimmers may also swallow water frequently (unpublished observations from our 
studies), which could impair gut function if they were ingesting sea water or non- 
potable water. Considerations for hydration are similar to those for energy replen-
ishment, except that swimmers’ ability to remain euhydrated will be constrained for 
reasons described above.

14.3  Heat Policy and Implementation

Following the tragic events in a FINA-sanctioned event in October 2010, there was an 
urgent call for greater control and scrutiny of the open-water competitive environment. 
Until then, the well-intended rules governing OWS were less informed by science and 
more by experience and anecdotal evidence gleaned from swimmers, coaches and offi-
cials. In early 2011, FINA joined with the IOC and ITU to invite expressions of interest 
to undertake specific investigations surrounding the safety of different Tw for OWS, 
especially warmer water. Research from The University of Otago was reported to these 
organisations in January 2013 outlining the findings from ~200 swims from a cohort of 
24 experienced and elite swimmers. Participants completed 20-, 60- and 120-min dis-
tance-trial swims in a flume (to simulate 1.5-, 5- and 10-km OWS) in Tw of 20, 27, 30 
and 32 °C with matching Tdb. Swims in 32 °C Tw also included simulated radiant load 
(400–800 W m2). Several physiological and psychophysical variables were measured, 
including those summarised above. The outcome for FINA and ITU has been the 
implementation of specific rules that now stipulate the maximum upper Tw of 31 and 
32 °C, respectively, for OWS events. Additionally, all ITU OWS distances are reduced 
to 750 m in Tw over 31 °C [71, 72]. For FINA and ITU, respectively, the rules demand 
that the venue Tw is taken 2 and 1 h prior to the start of the event at an agreed mid-
course site and at a depth of 40 and 60 cm. Thereafter, FINA regulates that Tw is moni-
tored by race officials hourly, with the authority to halt the event if subsequent readings 
are outside the FINA-approved range for water temperature (16–31 °C).

A more recent development has been the revision of FINA Rules governing the 
use of wetsuits. From 1 January 2017 a new By-Law (BL 8.5) declared that wetsuits 
of an appropriate design are optional in Tw of 18–20  °C and compulsory below 
18 °C. ITU maintains its wetsuit policies, that vary slightly between elite and age 
group athletes, but make their use mandatory below 16 °C and forbidden above 22 
or 25 °C for events over 1500 m.

Local bodies can enforce their own variations of these rules for non-FINA or ITU 
sanctioned events. For example, after 2010, USA Swimming set an upper Tw limit 
for cancellation of local events of 29.45  °C or the sum of Tdb and Tw exceeding 
63 °C. These criteria remain in the current 2018 rule handbook. Also, USA Triathlon 
allow wetsuits use for Tw < 25.6 °C.
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As noted above, thermal perceptions appear to remain intact for swimmers in 
warm water, and feeling hot is important. Therefore, while these rules are 
evidence- based, they cannot be considered definitive. An onus remains on all ath-
letes to heed their internal cues and for coaches to be vigilant in monitoring their 
athletes for uncharacteristic signs and demeanour. This is especially important in 
the face of competitive behaviour and illness and is no different to what is expected 
and acted upon by terrestrial athletes. A marked difference for open-water swim-
mers, however, is that their environment is much less forgiving if they get into 
trouble.
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Triathlon and Ultra-Endurance Events 
in Tropical Environments
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15.1  Influence of Heat on Performance and Health

15.1.1  Specificity of the Triathlon

The Ironman and Challenge triathlon series are trademark brands for long-distance 
triathlons consisting of a 3.8-km swim, 180-km cycling leg, and full marathon 
(42.195 km). The best professional triathletes complete the distance in under 7 h 
and 50 min, whereas age-group athletes vary from 9 to 13 h and more, making this 
one of the longest endurance races. The duration depends on several factors, includ-
ing terrain (i.e., course route and geography) and environmental conditions. For 
example, hot and humid climates impact on performance and the rate of withdrawal, 
as observed in the Kona (Hawaii) Ironman World Championships every October [1, 
2]; top age groupers are slower in Kona than at their qualifying races [2], and with-
drawal rate can reach 10%, a high proportion considering the fitness level of athletes 
participating in this particular event [3]. Similarly, more than 25% of the athletes did 
not reach the finish line at the inaugural Ironman Vichy in 2015, which was held in 
unusually hot conditions (31–35 °C), in contrast to North American races with a 
minimum 95% finish rate [4].

The following sections detail how thermal stress can specifically impact each of 
the triathlon legs: swimming, cycling, and running.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-93515-7_15&domain=pdf
mailto:olivier.hue@univ-antilles.fr
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15.1.1.1  Swimming
Most long-distance triathlons allow neoprene wetsuits to be worn for the swim leg 
as long as water temperature does not exceed 24.5 °C. Between 24.5 °C and 28.8 °C, 
athletes who choose to wear a wetsuit are allowed to participate, but are not eligible 
for age-group awards or for qualifying slots for the Ironman World Championships, 
and over 28.8 °C wetsuits are prohibited [3]. With its enhanced buoyancy, the neo-
prene wetsuit reduces ventilation and O2 consumption (V

.
O2) at a given swimming 

speed, and therefore metabolic heat production [5]. However, wetsuits reduce heat 
dissipation capacity and can lead to high core body temperatures and dehydration 
[6, 7]. Hence, although banning wetsuits in warm water might impair swimming 
performance, it might also decrease the risk of hyperthermia.

Interestingly, Kerr et al. [6] showed in a simulated Olympic triathlon that core 
temperature did not change by wearing a wetsuit, as excess heat was still transferred 
at the periphery, leading to a higher skin temperature. A subsequent field study con-
firmed that core temperature remained around 38 °C in well-trained athletes wear-
ing a wetsuit in 20.5 °C water during a 3.8-km swim [7]. This was again confirmed 
by a case report in which an athlete’s core temperature was continuously monitored 
during an Ironman [8]. In 29.5 °C water, another study showed that the core tem-
perature of moderately trained athletes increased by an average 0.7 °C and remained 
under 38  °C during a non-wetsuit half-Ironman (Fig.  15.1; [9]). Thus, no study 
appears to have shown a dangerous elevation in core temperature during the swim 
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Fig. 15.1 Individual and mean values (±SD) of core temperature at each stage of the Guadeloupe 
half-Ironman held in tropical climate. T1: just before the race; T2: after the swim phase; T3: after 
the cycle phase; T4: at the end of the run phase [9]. Temperatures were obtained from telemetric 
intestinal temperature devices ingested at least 6 h before the race
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leg of long-distance triathlon events. Moreover, while 13 of the 14 deaths in triath-
lon races from 2006 to 2008 occurred during the swim leg, pre-existing cardiovas-
cular abnormalities seem to have been the major factor, ruling out hyperthermia as 
a potential cause [10].

15.1.1.2  Cycling
When cycling, some of the heat produced by the muscles is dissipated via convec-
tion. This however depends on a sufficient temperature gradient between the skin 
and ambient air. Convection is therefore limited in hot conditions when air tempera-
ture exceeds 35 °C. Heat is also dissipated during cycling via the evaporation of 
sweat, which depends on the water vapor partial pressure gradient between air and 
skin. Like convection, this mechanism is reduced in humid environments, making 
performance in a tropical environment challenging as thermoregulatory efficiency 
is reduced [11]. In a tropical climate (31–33 °C, 70–75% RH), 1 h of pedaling at a 
submaximal intensity increases core temperature, heart rate, sweat rate, and water 
loss [12–14]. These results can be extrapolated to describe the physiological impact 
of 4–6-h events, especially if the cycling course includes hills, where the diminished 
air speed reduces heat dissipation [11]. Laboratory-controlled studies showed that 
increasing ambient temperature impaired cycling capacity when relative humidity 
was clamped at 70% [15, 16]. During a 9-day (2.5  h/day) cycling race held in 
Guadeloupe (31.1 °C, 75.6% RH), tympanic temperatures measured immediately 
after the stages never exceeded 2 °C of resting pre-race values [17]. In contrast to 
the variability associated with stage racing in a peloton, triathletes will adopt a 
much steadier pace during racing in some cases to “save their legs” for the following 
marathon [18]. Interestingly, Baillot and Hue [9] showed a negative correlation 
between body mass and the evolution of core temperature throughout the cycling 
leg, implying greater heat storage and inertia. A bigger body thus presents a larger 
surface to preserve heat exchange at high velocity, even in a hot and humid environ-
ment [19].

In summary, the high velocities and individual nature of cycling in the triathlon 
support heat dissipation by convection on the condition that air temperature is lower 
than skin temperature. In a thermally challenging environment, sweat evaporation is 
the main avenue for heat dissipation but it is limited by the high humidity of a tropi-
cal environment. Nevertheless, triathletes appear to show adequate thermoregula-
tory capability to prevent excessive hyperthermia, mainly through intensity 
management and pacing strategies [9].

15.1.1.3  Running
Of the three sports in the triathlon, running may carry the greatest risk of hyperther-
mia for triathletes competing in a tropical climate. Several factors come into play. 
Firstly, although running is faster than swimming, air possesses neither the heat 
capacity nor transfer celerity of water, hence limiting the quantity of heat energy 
transferred from the body. Secondly, unlike in cycling, the lower speed associated 
with running does not allow for excess heat dissipation via convection [19]. These 
factors can have a strong negative impact on running performance [20], particularly 
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the marathon [21]. This negative impact is amplified (1) by a heavier body mass, 
which, at a given pace, requires more energy for running propulsion and therefore 
produces more heat, and (2) in heavier athletes running in a hot/humid environment 
by limiting heat exchange by convection and evaporation, who display greater 
imbalance between heat production and dissipation, even at slower paces [22].

While the core temperature data of professional triathletes in the Hawaii Ironman 
or other tropical locations are currently not available, a few studies of moderately to 
very well-trained age-group athletes have shown that none of them suffered from 
heat-related illness and excessive increases in core temperature [7] (Fig. 15.1; [9, 
23]). In the report from Laursen et al. [7] 7 out of 10 well-trained triathletes per-
formed a high-level sub-10-h performance at Ironman Western Australia in temper-
ate but humid conditions (23.3 °C, 60% RH), and the average core body temperature 
remained close to 38 °C. Despite a much hotter and more humid environment in 
Guadeloupe (27.2  °C, 80% RH), the average body temperature of moderately 
trained athletes during a half-Ironman run was 38.2 °C and none of them reached 
40 °C [9]. These values are not surprising given the relative intensity and absolute 
workload at which most long-distance triathlon races are performed, which is in 
contrast to shorter events performed at a higher intensity and thus higher heat pro-
duction [9, 24]. The importance of exercise intensity was confirmed in dryer condi-
tions in a study showing that the fastest athletes exhibited the highest core 
temperatures [23].

15.1.2  Specificity of Ultra-Endurance Events

15.1.2.1  Ultra-Endurance in the Heat
Ultramarathons last more than 6 h [25]. In the past decade, trail running races have 
become a major ultra-endurance sport. Since the first edition of the Ultra Trail du 
Mont Blanc (160  km and +10,000  m of elevation), the number of finishers has 
grown from 67 in 2003 to 1685 in 2017. This kind of effort involves several physi-
ological and psychological parameters that are modulated by environmental factors. 
Ultramarathon races are performed with a variety of off-road terrains, elevation 
profiles (positive: D+ and negative: D− changes), and distances, all of which greatly 
complicate the attempt to understand how environmental conditions affect perfor-
mance. Marathon races have more standardized characteristics, facilitating the com-
parison of performances in order to study the role played by heat (see Chap. 12). 
Based on the analysis of winners’ times in several marathons, Maughan [26] deter-
mined that the best running temperature is between 10 °C and 12 °C for elite ath-
letes. Beyond this temperature, the analysis of 136 marathons performed between a 
wet-bulb globe temperature (WBGT) of 5 and 25 °C showed a decrease in perfor-
mance with an increase in WBGT (Fig. 15.2; [21]). Interestingly, these authors also 
showed that slower runners, who are exposed to heat for a longer time than faster 
runners, are more affected by temperature. For ultramarathon distances, the same 
effect of hot environments on performance was observed in a study that examined 
running times in the Western States Endurance Run (161 km and 6000 m D+) in 
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2006 and 2007 [27]. In these two editions (Fig. 15.3), the authors followed 50 run-
ners who had finished the race in both years to investigate the effect of temperature 
changes from 7–38 °C in 2006 to 2–30 °C in 2007. Independently of their level, the 
athletes were 8% slower in the hot condition (2006) than in the cooler environment 
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(2007), and the withdrawal rate was 14% higher in 2006. In this study, slower run-
ners did not appear to be more impacted by the hot environment, but this observa-
tion was probably due to the longer time running at a comfortable temperature (i.e., 
night).

15.1.2.2  Hydration Requirements During Ultra-Endurance Exercise 
in the Heat

During muscle contraction, only ~25% of the substrate energy is converted to 
mechanical work, with the other ~75% released as heat. Effective thermoregulation 
during exercise depends on the balance between the absolute mechanical work gen-
erated by the athlete and the heat loss process (Chap. 2). Ultramarathons, character-
ized by the maintenance of a low relative exercise intensity over very long periods, 
do not significantly challenge the heat balance in temperate environments. However, 
maintaining mechanical load over a longer time may challenge heat balance in ath-
letes, especially when competing in hot and/or humid environments. Furthermore, 
environmental heat stress (i.e., temperature) reduces dry heat loss, due to the small 
(or even negative) temperature gradient between the skin and air, which progres-
sively places sweat evaporation as the only mechanism available for the organism to 
dissipate endogenous heat [28, 29]. Indeed, at in 30 °C conditions a dry heat loss of 
75 W is observed, whereas at 40 °C, it induces a dry heat gain of 75 W, increasing 
the sweating rate required to maintain core body temperature [30]. Thus, ultramara-
thons performed in a hot environment require bigger volumes of water intake to 
compensate for increased water losses. During the Badwater Ultramarathon of 2012 
(217  km and 4000  m D+), the temperature oscillated from 10.1  °C at night to 
46.6 °C during the day. The follow-up of four runners who completed the race in 
36 ± 3 h showed a mean water intake of 34 ± 13 L [31]. On average, each athlete 
drank 0.93 L h−1, whereas on completion of the Biel Ultramarathon in Switzerland 
(100 km and 645 m D+), in a temperate environment varying from 8 to 28 °C, the 
runners consumed 0.65  L  h−1 [32]. When the distances of these two races were 
linked to elevation changes (100 m D+ corresponds to 1 km of distance), the cor-
rected distance for the Biel Ultramarathon was 106.45 km and 257 km for Badwater. 
According to these corrected distances, the Badwater runners drank almost twice as 
much water as the Biel runners (0.13  L  km−1 and 0.069  L  km−1, respectively), 
despite the higher mechanical workload developed during the Biel Ultramarathon 
due to its shorter distance and lower elevation change (6.6 min km−1 vs. 8.5 min km−1 
for Badwater). The characteristics of the 2007 Peninsula Ultra Fun Run (PUFfeR) 
of South Africa (80 km and 1000 m D+) were close to those of the Biel Ultramarathon, 
but the participants were subjected to lower environmental temperatures (8–20 °C). 
The runners drank less during this more temperate race than during the Biel 
Ultramarathon (0.028 L km−1 and 0.069 L km−1, respectively) [33]. Analysis of the 
hydration status of 16 ultramarathon runners (161 km, 7000 m D+) in a hot environ-
ment (4.8–37.8 °C) showed that finishers (n = 6) had drunk significantly more water 
at the 48th kilometer than non-finishers (n = 10) [34]. However, the authors were 
unable to determine whether beverage intake was directly linked to finishing capac-
ity or if it was due to other factors, such as the experience or endurance capacity of 
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the runners. A second study performed during a 160-km foot race (positive eleva-
tion not known) in temperatures that peaked at 38 °C followed only those runners 
who had completed at least one previous ultramarathon among the top 50% [35]. 
The authors showed that, despite the homogenous level and experience of these run-
ners, non-finishers also drank significantly less than finishers (−35%, p < 0.01). All 
these data confirmed the relationship between event temperature and water intake 
that is crucial to health and performance. A study during the Gwada Run of 2011, a 
6-day multi-stage race for a total of 142 km under tropical conditions (30 ± 2.4 °C 
and 82  ±  4% RH) showed a sweat loss of 0.19  L  km−1 [36]. Yet water intake 
(1.5 ± 0.3 L per stage) was probably distorted by the shortness of the stages (from 
16 to 21 km), which enabled athletes to tolerate transient dehydration during the 
races (−4.2 ± 0.9 L per stage).

15.2  Countermeasures to Optimize Performance and Health

15.2.1  Hydration

Limiting dehydration during triathlons and ultramarathons in hot environments 
seems to be essential to maintain the exercise workload over many hours. The role 
of hydration in a tropical climate (see Chap. 6) is critical since it has been shown 
that hyperthermia and dehydration are worse than hyperthermia alone [37, 38]. 
Despite contradictory observations on influencing thermoregulation and core tem-
perature [39, 40], it seems that hyperhydration can delay the development of dehy-
dration [39, 41, 42]. However, hyperhydration does not seem to lead to better 
performances during a laboratory-based 46 km cycling time trial by elite cyclists 
[40] or a 60 min run in endurance trained runners [43]. As hyperhydration results in 
non-negligible added body weight, it may not be an advantage for running perfor-
mance, which is greatly affected by extra weight [44]. In addition, it does not 
enhance thermoregulation in a hot and humid climate and augments the risk of 
hyponatremia [45].

In the triathlon, although hydration depends very much on the availability of 
adequate means set up by the race organization, the descriptive papers to date report 
that no triathlete has suffered from dehydration symptoms in hot and humid events, 
despite occasional significant water loses [7, 9, 23, 46]. This suggests that the hydra-
tion strategies employed by the athletes meet the body’s water requirements [47].

Maintaining optimal hydration is more complicated than it would seem in the 
ultramarathon. Indeed, analysis of the hydration status of ultramarathon runners in 
two different races showed that finishers had drunk significantly more water than 
non-finishers, even if the runners’ experience was taken into account [34, 35]. In 
contrast, slower runners became over-hydrated because they feared dehydration, 
which may lead to hyponatremia [48, 49]. Hyponatremia, however, is not only due 
to over-hydration, but may be the consequence of insufficient sodium intake during 
the race [34, 35]. In a hot environment, hyponatremia affected 30–50% of ultrama-
rathon finishers, reflecting the inadequate or incorrect hydration strategies of many 
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runners [35, 50, 51]. Thus, better sodium intake during ultramarathons could con-
tribute to better performances by stimulating thirst, increasing voluntary fluid 
intake, enhancing intestinal glucose and water absorption, optimizing extracellular 
and intracellular fluid balance, and potentially mitigating the occurrence of clini-
cally significant episodes of hyponatremia [52–55].

15.2.2  Hydration Policy and Implementation

In a triathlon field study, oral salt supplementation improved half-Ironman perfor-
mance through faster cycling (p < 0.05) and showed a similar trend in the running 
leg (p  =  0.06), with reduced sweat rate and limited electrolyte deficit [56]. The 
consensus recommendation is thus to ingest 0.5–0.7 g L−1 h−1 for long endurance 
races [57] and up to 1.5 g L−1 h−1 for athletes prone to develop muscle cramping 
[58]. However, adding salt to the consumed water is not sufficient to avoid hypona-
tremia if athletes overdrink during a race (73% of severe symptomatic hyponatre-
mia found after an Ironman [54]).

Hoffman and Stuempfle [59] observed no advantage to sodium-enriched bever-
ages during a 161-km ultramarathon performed by all levels of athletes in heat 
(38 °C). This result may have been due to a variation in sodium intake from solid 
food and/or to the tolerance of faster runners to hypohydration and hyperthermia 
[36, 60].

15.2.3  Cooling

Cooling strategies such as cold drink ingestion or cold-water immersion to reduce 
the thermal load may enhance performance in the heat (see Chap. 7). This effect has 
been manifested in cyclists (Fig.  15.4; [61–63]) and runners as a longer time to 
exhaustion [24, 64, 65]. Wearing cooling garments prior to or during exercise has 
proven to be performance-effective in hot and humid climates [66–68], but they are 
difficult, impractical, and potentially not allowed to be used during official long- 
distance events.

Other studies have focused on cooling strategies, but the exercise duration has 
been relatively short compared with ultra-endurance events. Nonetheless, they 
show interesting results that may be extrapolated for long to ultra-long events. 
Spraying or pouring water over the face and/or body can improve performance in 
tropical conditions. For example, pouring cold water over the skin will reduce 
skin temperature before dripping off the body, and transiently improve thermal 
comfort. Cooling the head in this manner resulted in a 51% increase in cycling 
time to exhaustion at 75% VO2max [69], with similar effects recently observed in 
running [70]. Neck cooling during a 90-min running trial in a hot environment 
(30.4 °C and 53% RH) increased the distance covered by 7.4% with no change in 
rectal temperature [71]. A similar effect was found with menthol ingestion, as it 
activates cold dermal sensors [72]. Mixed into a cold beverage, menthol did not 
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lower core body temperature but had a positive effect on thermal sensation and 
running/cycling performances over various distances in tropical climate [61, 73]. 
Indeed, Stevens et  al. [73] showed that a menthol mouth rinse every kilometer 
(25 mL at a concentration of 0.01%) during a running time trial in the heat signifi-
cantly improved 5-km performance time by 3%. A cumulative effect of menthol 
and ice slurry or cold water was observed on performances during a 20-km cycling 
trial in hot environment (30.7 ± 0.8  °C and 78 ± 0.03% RH) [61]. Ultimately, 
menthol mouth rinsing and ingesting influence thermal perception and thermal 
comfort, which in turn might contribute to enhance performance in hot climates 
[73, 74].

15.2.4  Cooling Policy and Implementation

According to the literature, pre-cooling by ice or cold water has been successfully 
studied during short duration exercise (<60 min) that is too brief to be a key factor 
of performance during ultra-endurance trials [64, 70]. Conversely, per-cooling by 

Block 1 Block 2 Block 3 Block 4 Block 5

ColdNeutral Ice-slurry

1100

1050

1000

950

900

850

800

750

P
er

fo
rm

an
ce

 (
se

c)

ab
ab

β

Fig. 15.4 Performance trial times for 5 successive blocks (4 km cycling + 1.5 km running) with 
the ingestion of neutral water (orange), cold water (blue), and ice slurry (green) in a natural out-
door setting (28 °C and 32% RH and 26 km/h wind speed). a Significantly different from neutral 
water cycling and running performance using ice slurry/menthol (P < 0.05). b Significantly differ-
ent from cold (P < 0.05). Mean values and SD are shown. β,† denote that block performance was 
affected by time period (P < 0.007) and the time period × drink temperature interaction (P < 0.004), 
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cold water or ice slurry ingestion during exercise seems to be a very interesting 
intervention to improve performances in a hot environment and possibly increase 
fluid intake, particularly for well-trained athletes (see Chap. 7). Indeed, most high- 
performing runners show the biggest increase in internal temperature, probably due 
to higher thermogenesis consecutive to higher workloads [36, 60]. Faster trail run-
ners (27 km; [60]) and multi-stages trail runners (127 km on 6 days; [36]) also pres-
ent greater post-race dehydration, which could be reduced by cold water due to its 
effect on voluntarily increasing water absorption during exercise. The higher tem-
peratures and greater dehydration observed in faster trail runners also seem to indi-
cate that performance in heat is associated with a better tolerance to hyperthermia 
in elite athletes [75].

15.2.5  Heat Acclimation

Heat acclimation (HA) before a race is an efficient way to increase performance in 
a hot environment [76, 77] (see Chap. 8 for further details). The physiological adap-
tations of HA lead to better cardiovascular function (output, stroke volume, and 
heart rate) and a decreased core temperature at rest and during exercise, in part due 
to an enhanced sweat rate and expanded plasma volume [76]. HA is also known to 
reduce sodium loss by sweating [78]. However, HA does not fully restore long to 
ultra-long endurance performance to the level reached by athletes in temperate con-
ditions [79].

If early arrival at the race location is not possible, HA in an environmental cham-
ber is a strategy that may help preserve ultramarathon performance. Costa et al. [80] 
examined the effects of six 2-h sessions of running at 60% of VO2max on a motorized 
treadmill in an environmental heat chamber at 30 °C or 35 °C. From the third ses-
sion onward, mean heart rate was lower at 30  °C, whereas mean heart rate and 
thermal comfort were lower at 35 °C. The authors concluded that two bouts of run-
ning at 60% of VO2max in a 30 °C air temperature conditions were sufficient to induce 
heat acclimation in ultra-runners, which may enhance their performance in such 
environments.

15.3  Conclusions

The maintenance of triathlon or ultramarathon performance in a hot environment is 
a considerable challenge which requires meticulous preparation and management 
during the race. To limit the performance decrements induced by these harsh envi-
ronmental conditions, several countermeasures have been proposed, such as cold–
water or ice slurry ingestion, external pre- and per- cooling, and/or menthol use. 
However, the limited duration of exercise performed in these studies does not allow 
for direct application of the results to an ultra-endurance or ultra-triathlon context. 
Thus, further studies are required to validate these approaches in long to triathlon 
and ultra-endurance events.
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Currently, one of the most relevant strategies to employ when performing in the 
heat is to consume adequate fluids. Maintaining water availability along different 
race courses is thus crucial due to the detrimental effects dehydration has on fluid 
balance and consequently heat loss via sweating. Individual sweat rates are highly 
dependent on the athlete’s morphology, the intensity of exercise, and the environ-
ment temperature and humidity. Sweat losses are accompanied by electrolyte 
losses, particularly sodium, which may contribute to hyponatremia if not compen-
sated. To limit this risk, exogenous intake by enriched sodium beverages is the 
most effective strategy. In addition to the traditional compounds found in most 
sport drinks (e.g., glucose, magnesium), it seems that ultramarathon beverages 
should contain about 0.7–1.2 g L−1 of salt when conducted in the heat. However, 
sodium-enriched beverages are insufficient if athletes overdrink by fear of dehy-
dration during the race, placing management of water intake as a key determinant 
of performance.

Heat acclimation is also a relevant strategy that may enhance ultra-endurance 
and triathlon performance in hot environments. Most of the acclimation benefits 
occur in the first 14 days of exposure, but a short-term protocol of 5 days will induce 
significant early adaptations.
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