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1 

Humans are equipped with an extensive thermoregulatory system to keep their body 

core temperature within a narrow range around 37°C (1). They can elevate and stabilize 

their core temperature above environmental temperature by adjusting metabolic heat 

production and heat loss mechanisms. As a result, humans are called endotherms, 

meaning they are able to maintain a constant temperature independent of external 

conditions.  

 

Nevertheless, regularly conditions occur in which a constant core temperature is not 

maintained. This may be due to a pathological thermal state like fever, but 

environmental and behavioural factors may challenge the thermoregulatory system of 

healthy individuals as well. A combination of high climatic load, strenuous exercise 

and/or wearing protective clothing may for example impose uncompensable heat stress 

on athletes, firemen and soldiers. Therefore, reliable core temperature measurement in 

rest and exercise is of major importance to monitor subjects and take appropriate 

measures. Further, more knowledge on the way in which heat stress affects performance 

and on how this process might be manipulated, could optimize performance and 

decrease health risks.  

 

This introduction will provide some background on both the issues of core temperature 

determination and the relation between heat stress and performance, the main topics of 

this thesis. But first some basic information on human temperature regulation is 

provided. 

 

1.1 HUMAN BODY TEMPERATURE  

Heat balance 

Body core temperature is determined by the balance between heat production and heat 

loss. This heat balance can be captured into the following equation (2): 

 

M ± C ± R - E = S  

 

M represents metabolic heat production. Metabolically active tissues degrade a large 

part of their energy to heat, which contributes to the internal temperature.  
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 C represents conduction and convection. Conduction means the transfer of heat from 

one material to another by direct molecular contact, for example from a body to clothes 

or air. Convection involves moving heat, for example by the movement of air or water 

around us. Conduction and convection work in common to lose body heat when the 

environment is cooler than the skin: conduction transfers heat from the skin to the 

surrounding air or water and convection sweeps away the warmed molecules. When the 

environment is hotter than the skin, the body gains heat by the reverse process.  

 

R represents radiation, which involves heat transfer by infrared rays. In rest, this is the 

main mechanism to lose heat. At room temperature, about 60% of the excess body heat 

is lost by radiation (3). Again, net heat gain is also possible, when the temperature of the 

surrounding radiation source is higher than the skin. The C and R terms constitute the 

dry heat loss of the body and their contribution depends on the temperature difference 

between the body skin and the environment. 

 

E represents evaporation, involving all heat that leaves the body in the form of water 

vapor. Sweating is the main example, but also some insensible water loss happens in the 

lungs and at the mucosa of the airways. During rest in room temperature, evaporation 

accounts for only 20% of body heat loss (3). However, evaporation becomes increasingly 

important (80-100%) when body temperature rises and/or when the ambient 

temperature is close to the body’s skin temperature. Evaporation is also called wet heat 

loss. As its cooling capacity depends on water that is really evaporated (not dripped off), 

wet heat loss is dependent on the relative humidity of the surrounding air. 

 

S represents net heat storage. When the body heat content remains stable, S will be 

zero. However, positive or negative heat storage means an increase or decrease in core 

and/or skin temperature.  

 

Humans are capable of maintaining a stable heat balance in very diverse conditions; the 

world’s lowest and highest measured ambient temperatures are -89.2°C (Antarctica, 

1922) and 57.2°C (Libya, 1917), while additional variations in humidity, radiation, wind 

and precipitation occur. The next paragraphs describe the ways in which the body 

controls the heat balance, preventing large fluctuations in core temperature.  
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Body temperature regulation 

Human body temperature can be divided in the core and the shell temperature. The core 

includes the abdominal, thoracic and cranial cavities and has a stable temperature due to 

its endothermic nature. The shell comprises the skin and subcutaneous tissue, which are 

influenced by the environment (4). More refined models define a third compartment for 

the muscles, but this will be left out of consideration here.  

 

Because of this heterogeneity, not a single regional temperature measurement reliably 

reflects the mean body temperature (5). Therefore, mean body temperature (Tbody) is 

determined by calculating a weighted average of core (Tcore) and mean skin temperature 

(Tsk):  

Tbody = a*Tcore+(1-a)*Tsk 

 

in which a is dependent on Tsk: 0.6 (Tsk<31.5°C), 0.7 (31.5°C<Tsk<33°C) or 0.8 (Tsk>33°C) (5; 

6). 

 

The setpoint for core temperature is about 36.8-37.0°C with a circadian fluctuation of 

approximately 0.6°C (7). This temperature is tightly regulated using a servomechanism, 

depicted in Figure 1.1. The main thermoregulatory centre is housed in the hypothalamus 

(located in the diencephalon), although other unidentified structures in the central 

nervous system (CNS) may also be involved. The hypothalamus receives input from 

central and peripheral, cold and warm thermoreceptors. Central thermoreceptors are 

largely located in the hypothalamus itself, but also in the spinal cord, and deep 

abdominal and thoracic tissues. Their firing rate reflects the temperature of the local 

blood supply. Peripheral thermoreceptors are located in the skin and some mucous 

membranes, mainly responding to (changes in) the environment.  

 

All afferent thermal input is integrated in the hypothalamus, which acts as a thermostat. 

The integrated signal is compared to a setpoint that may be modified by pyrogens, 

acclimatization and circadian rhythms (8). The hypothalamus controls several effector 

mechanisms to restore body temperatures to the desired value: 
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 Vasomotor tone: Constriction of the smooth muscles around skin arterioles and 

superficial veins reduces blood supply to the skin. This increases the insulating 

capacity of the shell and reduces dry heat loss from the skin. On the contrary, dilation 

of the skin arterioles increases blood supply to the skin when an increase in heat loss 

is required. 

 Sweat glands: When body heat content is too high, sweat glands are stimulated to 

actively secrete sweat. Evaporation is very powerful mechanism; 1 L of sweat 

evaporation results in a heat loss of 2428 kJ (3). 

 Shivering: When vasoconstriction is insufficient and more heat needs to be 

generated, the body starts shivering. Shivering involves rapid and involuntary 

contractions and relaxations with low mechanical efficiency. As a result it can 

increase metabolism up to 5 times the normal value (8). 

 Non-shivering thermogenesis: This mechanism involves increasing the metabolic rate 

without muscle activation, presumably by the release of hormones (adrenaline, 

noradrenaline, thyroxine). Its exact mechanism and efficacy in humans is 

controversial, but recent research suggests that non-shivering thermogenesis is more 

important to generate heat in healthy men than was previously assumed (9). 

 

Next to these physiological factors, there are also behavioural and physical factors that 

contribute in controlling the heat balance.  

 

 Behaviour. In extreme conditions, behaviour is the main tool to prevent detrimental 

environmental impact. This includes wearing appropriate clothing, seeking a 

protected or artificially created microclimate and/or adjusting the activity level (i.e. 

metabolic heat production). On a longer term, increasing fitness and acclimatization 

level will improve temperature regulation (10; 11).   

 Body composition. Subcutaneous fat is a great insulator, facilitating conservation of 

heat. Further the ratio of body surface area to body mass influences the rate of heat 

loss. A larger surface to mass ratio leads to an easier loss of heat (12). Therefore, tall 

and heavy individuals are more at risk for hyperthermia, whereas small and lean 

subjects may easier develop hypothermia (3). 
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Figure 1.1. Human thermoregulatory system, adapted from (13). 

 

Deviations in body temperature 

Usually, core temperature stays within its normothermic range of 36.1-37.8°C (8), 

covering differences across individuals and measurement sites (1; 14). In addition, its 

specific value depends on the circadian rhythms, the menstrual cycle and small incidental 

fluctuations. Deviations outside the normothermic range are referred to as hypothermia 

and hyperthermia. Mild deviations may impair bodily functioning, performance and 

comfort, while more severe deviations (<33°C or >40°C) may have life-threatening 

consequences like cell damage, organ failure, systemic inflammation and CNS 

impairment (4) (Table 1.1).  

 

It has to be noted that the reported thresholds are indicative and that exceptions occur. 

In well-trained athletes, core temperature may exceed 40°C without adverse events (15); 

at the low side of the spectrum it has been shown that survival occurs even when a core 

temperature of 13.7°C has been reached (16). 
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Table 1.1. Classification of body core temperatures and its consequences, from (7). 

Temperature Consequences 

> 44°C Denaturizing of proteins, death 

40-44°C Failure of thermoregulation 

37.8-40°C Fever, hyperthermia 

36-37.8°C Normothermia 

33-36°C Mild hypothermia 

30-33°C Hypothermia: reduced metabolism, depressed respiration and consciousness 

27-30°C Deep hypothermia: failure of thermoregulation, ventricular fibrillation 

20-27°C Apparent death, light rigid pupils, extreme bradycardia 

<20°C Asystole, death 

 

There are a few main causes for deviations towards the hyper- or hypothermic range (8): 

 

Illness 

The most well-known illness related temperature deviation is fever.  Fever is known as a 

symptom of infection since 64 AD (17) and is often operationally defined as a core 

temperature above 38°C. In fever, the setpoint for core temperature is increased due to 

pyrogens triggering the hypothalamus. Besides being a major diagnostic tool for 

infection, it may be physiologically functional by stimulating the immune response and 

inhibiting temperature-sensitive pathogens (4). Another temperature related illness is 

poikilothermia (18), the inadequate function of the thermoregulatory control centre. 

Because of this lack of control of the heat balance, core temperature can easily and 

unconsciously run outside the normal range.  

 

Clinical treatment 

During clinical treatments, core temperature may, deliberately or not, fall out of is 

normal range. Therapeutic hypothermia is being used during surgery or after ischemic 

insult to the brain (19) to improve chances on a positive outcome. It requires strict 

control of core temperature. On the contrary, perioperative hypothermia is a common 

unwanted thermal phenomenon after surgery that may increase the risk of 

complications (20). 
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Exercise 

Exercise increases metabolic heat production and is therefore the most common way to 

actively increase core temperature. Several factors, including exercise intensity, 

environmental conditions, clothing, fitness level and hydration status determine the 

extent and the health risks of this so-called exercise hyperthermia. Paragraph 1.3 will 

discuss heat stress and exercise performance. 

 

Extreme environments 

In extreme environments it may become impossible to maintain the heat balance, 

resulting in negative of positive heat storage. Factors contributing to a positive heat 

storage are high ambient temperature, high humidity and little air flow, often in 

combination with exercise, protective clothing and/or dehydration. Negative heat 

storage particularly occurs in cold environments where wind and wetness are involved. 

When submerged into cold water, heat loss is about five times larger than in air of 

similar temperature. Alcohol and drug abuse may also increase the risk of hypothermia 

by disturbing the thermoregulatory system in the prevention of heat loss. 

 

1.2 CORE TEMPERATURE DETERMINATION 

Core temperature 

The thermal core has been defined as “Those inner tissues of the body whose 

temperatures are not changed in their relationship to each other by circulatory 

adjustments and changes in heat dissipation to the environment that affect the thermal 

shell of the body” (21). This includes the CNS, central blood and thoracic and abdominal 

cavities. However, it is well-known that even inner tissues may be subject to slightly 

different temperatures and different responses to temperature changes (17; 22) (Figure 

1.2). Therefore it can be stated that a single core temperature does not exist, core 

temperature depends on the location it is measured. 
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Figure 1.2. Variation in core temperatures, based on (22). 

 

Further, inner tissues are often difficult accessible for measurement. As a result, core 

temperature is regularly estimated by measurements at surrogate locations. In 

combination with varying measurement methods and conditions, quite some sources of 

variation are introduced (23). So although the concept of core temperature is widely 

used, its interpretation and usability strongly depend on location, measurement method 

and measurement conditions. 

 

Nevertheless, core temperature is an important parameter that is commonly referred to 

in clinical, occupational and forensic medicine, as well as in research and operational 

settings. Core temperature determination can detect illness at an early stage, prevent 

injury by heat or cold stress or guide a treatment. So research to good methods for core 

temperature determination is warranted. 

 

Brain temperature 

Brain temperature is one of the most interesting, but also one of the least known core 

temperatures of the body. Deep brain temperature is thought to be slightly higher than 

central blood temperature (0.2°C) because of the high metabolic activity in the brain, 

producing an excess of heat. The extra heat is removed by the cooler arterial blood, 

whose flow is adjusted to the local metabolic rate. In that way, each part of the brain 

normally keeps a constant temperature above that of arterial blood (24). Some authors 

state that hypothalamic temperature may drop below heart temperature during 
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hyperthermia because of a so-called selective brain cooling mechanism (25). However, 

the existence of this phenomenon in humans is heavily debated (26-28). Paragraph 1.3 

will discuss this issue more extensively. 

 

Brain temperature is not an unambiguous concept. Direct recordings of intracranial 

temperature (29; 30) and theoretical modelling (31) indicated a substantial temperature 

gradient from inner to outer brain. Extracranial cooling by the environment would only 

be able to reach the superficial layers of the brain, the deeper layers being protected by 

the ‘shielding effect of blood flow’ (31). Differences between cortical and central 

branches of the cerebral arteries may also cause thermal gradients in the brain (32). 

Different temperature conditions in different parts of the brain might be functionally 

important. For example, temperature substantially affects hemoglobin affinity for O2, the 

rate of chemical reactions and activation rate of membrane currents (31). So whenever 

analysing brain temperature, measurement depth and location should be considered 

carefully. 

 

Unfortunately, possibilities to measure brain temperature are very limited. Invasive brain 

measurements are ethically not feasible except during surgery. As a result, non-invasive 

methods are required. Currently MRI seems most promising for this purpose, but is not 

sufficiently advanced for accurate measurements yet. 

 

Gold standard 

The previous paragraphs raise the question what temperature to use as a reference. 

There are two sites that are generally considered as ‘gold standard’ for core 

temperature: the hypothalamus and the pulmonary artery (33). The hypothalamus is an 

obvious location, because of its function as main thermoregulatory centre of the body. 

However, as just discussed, brain temperature can only be measured during specific 

surgery and is not a usable reference in practice.  

 

The pulmonary artery contains a mixture of blood from all over the body, providing a 

valid measure for core temperature (34). A pulmonary arterial catheter is required for 

measurement, so again this method can only be used in certain clinical situations and is 

unsuitable in practice. The temperature in the distal esophagus reflects central blood 

temperature quite well (35; 36) and can be measured without clinical intervention. 
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Therefore Tes is often used as a substitute ‘gold standard’ for core temperature during 

scientific research.   

 

Usually hypothalamic, pulmonary artery and esophageal temperatures are considered to 

be comparable, as blood from the heart is pumped to the hypothalamus through large 

arteries where cooling is minimal. There might be a difference during extracorporeal 

circulation when the brain is perfused, while the heart is not (37). Further, selective brain 

cooling may induce a deviation between trunk and brain temperature (24; 25). 

 

Requirements  

Obviously, measuring gold standard core temperature is, especially in practice, not ideal. 

So there is a need for alternative measures. Wartzek et al. (33) identified four main 

requirements for core temperature measurement: 

 

Accuracy and precision  

Accuracy refers to the systematic error or bias, precision to the random error 

(uncertainty) or standard deviation (SD). The total measurement error is usually 

expressed as bias ± 2 SD, determining the 95% limits of agreement (LoA) between a 

measure and its reference. The acceptable LoA depend on the purpose and conditions of 

the measurement. In general, a total measurement error below 0.5°C, resulting in 95% 

LoA of less than ±1.0°C is proposed as acceptable for spot checks like fever detection (33; 

38). For establishing temperature patterns, bias is less important, but the SD should be 

below 0.3°C (33). In clinical practice, a temperature measurement method is suggested 

to be reliable when the SD is 0.3-0.5°C (39; 40). It is important to note that the accuracy 

and precision of a thermal sensor, as reported in its specifications, have usually been 

established in laboratory conditions. Regarding its validity for core temperature 

measurement in practice, a proper methodology is equally important. 

  

Time 

Instantaneous measurement during an emergency, a clinical routine or at home, requires 

a very short measurement time of <10 s. Decreasing measurement time may 

compromise accuracy. For long term monitoring several minutes to first measurement 

may be acceptable (33). Further, response time to changes in body heat content differs 
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per measurement method (location and sensor type). Its importance depends on the 

situation.  

 

Operating range 

The measurement range of human temperature should be between 25 and 45°C, 

although incidentally even lower temperatures are reported (33).  

 

Handling 

For the sake of valid and reliable measurements, as well as user acceptance, easy 

handling is essential. This implies that a measurement method should preferably be easy 

to use, safe and convenient for the subject (minimally invasive) and free of artefacts (33). 

For daily clinical routine and use at home, a low energy supply and affordable price are 

also required. For continuous monitoring, especially during exercise, a small, lightweight, 

wireless device is desirable, with extra protection against dislocation of the sensor. 

 

The relative importance of these requirements depends on the application context, i.e. 

the environment (home, laboratory, field measurement, clinic), purpose (research, 

diagnosis, monitoring), subject (healthy subject, patient, newborn, worker) and required 

measurement (absolute, relative, gradient, continuous, spot check) (33). A wide array of 

measurement devices and body locations has been explored, each to a different extent 

fulfilling these requirements. The next paragraph provides an overview of current core 

temperature measurement methods. The appendix provides a more extensive discussion 

of the use, (dis)advantages, mutual agreement and contraindications of these methods. 

 

Measurement methods  

The thermometer is thought to be first invented by Galileo Galilei between 1592 and 

1597. It was an air thermometer which only measured heat changes. This was followed 

by the development of the first liquid in glass thermometer in the seventeenth century 

(Duke Ferdinand II of Tuscany, 1654) and several temperature scales early in the 

eighteenth century (Fahrenheit, Reaumur, Celsius). Since Fahrenheit produced the first 

mercury in glass thermometer in 1713, it gradually displaced the palpation assessment in 

clinical practice (41; 42). For ages, that method has been used to determine fever in 

hospital and at home. However, mercury-in-glass thermometers are rather slow, hard to 

read and only usable at suboptimal body locations. Further, they have a limited 
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temperature range and breakage could result in mercury intoxication. The last decades, 

new methods to measure core temperature have been developed. They can roughly be 

classified into four groups: 

 

Electrical resistance  

The electrical resistance of a metal or semi-conductor changes with temperature. This 

mechanism actually succeeded mercury-in-glass as the standard way to measure 

temperature by direct contact. Most digital thermometers and thermal sensors make use 

of a semi-conductor resistance like a thermistor. In general a thermistor is accurate, 

reliable and can be made very small. A disadvantage may be that it requires direct 

contact with body tissue, posing the risk of inconvenience, injury and infection. 

Resistance thermometers are being used at a wide range of body locations with varying 

suitability to determine core temperature, as reviewed by several authors (e.g. 4; 17; 33; 

37; 43).  

 

Infrared (IR) 

IR thermometry determines the radiant temperature of an object by measuring the 

infrared radiation from its surface. The real temperature can be calculated if the 

emissivity of the object is taken into account. The human skin has an emissivity of 0.98, 

independent of skin colour. IR thermometry is a non-invasive, convenient and safe 

measurement technique with little delay (44). However, it is a disadvantage that 

measurement results can be affected by the probe position regarding the measurement 

surface, heating of the detector or use of a probe cover (45). For core temperature 

determination, IR radiation is being measured at the tympanic membrane (35; 46; 47) 

and the temporal artery (48; 49). Recently, IR thermal imaging (50; 51) and near infrared 

spectroscopy (NIRS) are also being explored for this purpose. 

 

Radio waves 

Radio waves are a type of electromagnetic radiation with a frequency from about 300 

GHz to 300 Hz. The frequency spectrum includes temperature dependent information. 

This mechanism is used in temperature pills, containing a quartz crystal that vibrates at a 

frequency relative to its surrounding temperature. The low frequency FM signal of the 

crystal is received outside the body (radio telemetry) and converted into a temperature 

value (52). Nuclear magnetic resonance (53; 54), microwaves (55; 56) and ultrasound 
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(57; 58) are other methods using radio waves to estimate temperatures. This allows for 

convenient non-invasive temperature measurement. However, the latter three are only 

at the initial stage of development for core temperature determination and have some 

practical drawbacks.  

 

Heat flow 

In the presence of a thermal gradient, heat will flow from a warmer to a cooler 

environment. The magnitude of the flow will depend on the magnitude of the thermal 

gradient and the thermal properties of the medium. This mechanism has been used to 

estimate core temperature at the skin, either by creating a zone of zero heat flow 

between core and skin (59-61) or by estimating core temperature mathematically from 

heat flow through a thermal bridge at the skin (38; 62; 63).  

 

 

Figure 1.3. Examples of electrical resistance, infrared, radio wave and heat flow thermometry. 

 

Table 1.2 provides an overview of the various measurement methods in each group, 

which have been reviewed in the appendix. 
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Core temperature measurement issues 

Provided a measurement device is accurately calibrated and any systematic errors 

(offset) have been corrected in the device, deviations between different core 

temperatures are caused by external confounding factors or internal physiological 

phenomena.  

 

External confounding factors 

The first main external source of variation is the environment. Ambient conditions like 

temperature and wind can easily affect superficial temperature measurements that 

ought to predict core temperature. Particularly measurements at the ear (tympanum 

and aural canal) and skin (forehead, axilla, temporal artery, IR imaging, zero heat flux) 

seem substantially affected in cooler and unstable environments. In addition, oral, 

esophageal and intestinal measurements can be affected by external substances (food, 

drinks, ventilation), while cerumen or hair may confound in-ear measurements. 

 

The second main external source of variation is inappropriate measurement (37). Large 

errors originate in incorrect procedures. Most well-known examples of error-prone 

methods are oral and tympanic measurements, the latter having the additional handicap 

of individual anatomical differences in the ear canal. All these errors cannot be corrected 

in the device and decrease its reliability, so care should be taken to minimize their 

influence. Multiple measurements by the same person may increase reliability provided 

only non-systematic errors are present. 

 

Physiological phenomena 

It is well-known that different body sites are subject to different temperatures and 

different responses to temperature changes. For example, Tre is generally 0.2°C higher 

than Tpa in rest, but may be significantly cooler than Tpa after 10 min of exercise, due to 

its delayed response. The brain belongs to the core, but its temperature depends on the 

depth and location of measurement. In addition, possible selective brain cooling may 

temporarily alter the relationship between trunk and brain temperature. These natural 

thermal differences should be appreciated when measuring core temperature. Both 

external confounding factors and physiological phenomena require to consider which 

measurement method is most suited for a certain occasion. 
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Concluding remarks 

There clearly is a need for a reliable, fast, convenient and usable non-invasive method for 

core temperature measurement. However, this chapter indicated that core temperature 

is a complicated concept and it is still debatable how it should be measured. There is a 

bunch of measurement methods at numerous body locations, but each of them has its 

own drawbacks and confounding factors. As illustrated by Table 1.2, especially 

continuous monitoring of core temperature (changes) in an operational setting remains a 

challenge. This topic has been elaborated in four studies that are discussed in chapter 2 

to 5 of this thesis. 

 

Outline section 1 

Section 1, including chapter 2-5 of this thesis, contains four studies to different 

practically applicable measurement methods for (continuous) core temperature 

determination during rest and exercise in the heat. Each study explores specific usability 

issues of one of these measurement methods, which have been equally selected from 

the classes defined in Table 1.2. 

 

 Chapter 2 focuses on a new zero heat flux device, which seems promising for clinical 

and at a later stage possibly field monitoring of core temperature; 

 

 Chapter 3 explores the potential of IR thermal imaging for monitoring core 

temperature;  

 

 Chapter 4 studies the limitations of temperature measurement in the aural canal at 

different ambient temperature and wind conditions; 

 

 Chapter 5 determines the relationship of intestinal telemetry pill temperature with 

esophageal and rectal temperatures during high rates of temperature change. 

 

 The summarizing discussion in Chapter 9 will provide the main conclusions of these 

studies and give an overview of the implications and future directions regarding core 

temperature determination. 
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1.3 HEAT STRESS & PERFORMANCE 

Heat stress comprises any change in the thermal relation between a temperature 

regulator and its environment which, if uncompensated by temperature regulation, 

would result in hyperthermia (21). The deviation in body temperature and activation of 

thermoeffector mechanisms in response to heat stress, is referred to as heat strain (21). 

Although humans are quite well equipped to sustain heat stress, exercise in combination 

with a high climatic load and/or wearing protective clothing, elicits significant heat strain, 

performance impairment and health risks. Especially in occupational and endurance 

sports settings, this is a regularly occurring phenomenon.  

 

Heat stress factors 

Exercise 

As about 80% of human’s energy expenditure during exercise is converted into heat, the 

resting heat production (1.5 W/kg body mass) increases by more than tenfold during 

heavy exercise. This imposes a considerable stress on the cardiovascular system and heat 

loss mechanisms of the body. Evaporation, extracting 2428 kJ/L evaporated sweat (3), 

may be able to compensate for high heat production in ideal conditions. However, heat 

production may easily exceed heat loss during strenuous exercise in less favourable 

evaporative conditions. If exercise intensity is maintained, this will result in 

uncompensable heat stress. 

 

Climate 

Climatic conditions are determined by several basic elements of the thermal 

environment: air temperature, humidity, radiation, air flow, precipitation and air 

pressure. Particularly the first four elements contribute to the level of heat stress 

imposed on a subject. High ambient temperatures (Figure 1.4) and relative humidity 

have for example been shown to increase thermal strain and impair exercise 

performance (12; 64-67). Wind on the other hand provides effective body cooling in 

warm conditions, attenuating thermal strain and extending time to fatigue (68; 69). 

Chapter 7 will provide further evidence on this topic. Conditions with high humidity and 

low air flow, in which heat loss mechanisms are compromised, are particularly 

hazardous.  
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Figure 1.4. Power output at a 30-min cycling time trial in 32°C (HT) and 23°C (NT) ambient 

temperature, from (67). * denotes a significant difference.  

 

Several methods have been tried to synthesize elements of the thermal environment  

into a single measure for heat stress. The wet bulb globe temperature (WBGT), invented 

in the 1950s to control heat illness in the US army, is the best-known and most widely 

used example (70). Safety guidelines for work intensity or continuation of events are 

often based on WBGT limits. However, WBGT has been criticized being not always 

representative for heat stress on the human body, especially in conditions of restricted 

evaporation (70-72). Further, physiological responses and safety limits strongly depend 

on factors like activity level and clothing. 

 

Protective clothing 

Clothing determines the microclimate around the body and thus has impact on all 

components of heat exchange with the environment. The thermal insulation value of 

clothing is represented by the clo-unit. The clo-unit depends on factors like water vapor 

transfer (breathability), liquid absorption and air flow around the body (73). Clothing 

with high clo-values impairs heat loss mechanisms and thus reinforces metabolic or 

environmental heat load. In that respect, strenuous activity in protective clothing 

imposes a particular risk. This is applicable to occupational settings like fire squads (74), 

sport settings like American football (75; 76) or ice hockey (77; 78) and extreme 

environments like polar expeditions (79). A warm environment may increase the impact 

of heat stress, but is not a prerequisite; heat strain has even been reported at 
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temperatures below 0°C during high intensity exercise in protective garments (79). 

Chapter 8 will elaborate on this topic by studying heat strain in ice hockey goalies.  

 

Individual factors 

The extent of the heat stress induced by exercise, climate and protective clothing is 

mediated by individual factors like body composition (12), fitness level (10) and 

acclimatization (11). As these factors are beyond the scope of this thesis, they will not be 

discussed further here. 

 

Thermal strain   

Temperature & fluid balance 

A first obvious consequence of exercise-related heat stress is a rise in body heat content, 

increasing the core and/or skin temperature. The rate of temperature rise depends on 

exercise intensity, climate, training and acclimatization status, etc.  At a certain 

individually specific threshold, heat loss mechanisms, like an increase in skin blood flow 

and the onset of sweating, are triggered to restore the heat balance. If heat loss 

mechanisms cannot sufficiently counterbalance heat production, uncompensable heat 

stress evolves. Then, maintenance of work load will eventually result in hyperthermic 

fatigue, exhaustion and/or heat related illness. Nevertheless, trained runners have been 

shown to attain intestinal temperatures of >40°C at the finish without any health 

problems (15).  

 

Sweating is the most noticeable response to the increased body temperature, usually 

providing >80% of body cooling. Average individuals can sweat 1-1.5 L/h, while trained 

subjects may lose up to 3 L/h of sweat, with a maximum of 10-15 L/day. The actual 

cooling capacity of the sweat production is determined by the sweating efficiency, the 

fraction of produced sweat that is actually evaporated. Without sufficient replenishment, 

sweat loss easily leads to dehydration and electrolyte loss, increasing cardiovascular 

strain, performance impairment and health risks.  

 

Central nervous system (CNS) 

Heat stress and the subsequent hyperthermia affect several processes in the CNS, which 

may be associated with a decrement in both endurance and cognitive performance. In 

hot conditions β-waves in the brain are reduced, increasing the  brain wave ratio. 
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Being similar to sleep, this change might reflect a reduced state of arousal in 

hyperthermic subjects. In addition, hyperthermia has been reported to alter EEG activity. 

Although the exact meaning of this phenomenon is not entirely clear yet, EEG alteration 

appeared to be the best predictor of increased RPE during hyperthermia (80; 81).  

 

The rise in brain temperature impairs the voluntary activation of skeletal muscle during 

fatiguing muscular work (64; 82). There is a progressive impairment in maximal voluntary 

contraction and central activation of several leg muscles when core temperature is 

increased and a return to baseline when the core is subsequently cooled (83-85) (Figure 

1.5). This impairment seems to go beyond local temperature effects, although the 

peripheral muscles may contribute by imposing a need for increased central drive to 

maintain force production.  

 

 

Figure 1.5. Maximal voluntary contraction of a gradually heated/cooled leg (solid line) and the 

contralateral leg (dotted line). Both lines show a significant quadratic trend. From (85). 

 

The decrement in activation is likely to be caused by a reduction in brain impulses, but 

may also arise at the spinal level where motor neurons may be inhibited by sensory 

feedback from the contracting muscles. A reduction in brain impulses could be due to 

the mentioned reduction in -waves accompanied by impairment in arousal/RPE, but 

also depletion of substrates and alterations in the level of certain neurotransmitters 

might play a role. Regarding the latter factor, dopamine and noradrenaline have been 

shown to affect performance of prolonged exercise, especially in the heat (86), while 
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serotonin might be linked to central fatigue as well (87). Further, B-endorphins and 

ammonia accumulation have been proposed to play a role in the fatigue process (87). 

 

Perception 

Thermal strain not only impacts physiological, but also perceptual parameters. The rating 

of thermal sensation indicates the subjective sense of temperature and is mainly 

determined by skin temperature (88; 89). The rating of thermal comfort indicates how 

comfortable subjects experience their thermal situation and is thought to be determined 

by both core and skin temperature (88; 89). Both perceptual measures have a strong link 

to microclimatic conditions like solar radiation, atmospheric pressure, maximum 

temperature, wind speed and relative humidity (90). Heat stress at similar levels of 

activity shifts both ratings upward to the warm and uncomfortable side (91-94). Skin 

wettedness (95) and mood state (90) may mediate the extend of this shift. Although 

thermal perception did not show to affect voluntary activation or MVC (83), it does seem 

to influence thermal behaviour and exercise performance. However, it is still debatable 

whether thermal perception per se mediates this effect or that an actual physiological 

change (in body temperatures) is required (91; 94).  

 

Heat stress increases the rating of perceived exertion (RPE) during fixed intensity 

exercise (68). In addition, recent theories propose that the RPE is the regulated variable 

during self-paced exercise (96; 97). Tucker et al. (96; 98) developed a perception based 

model, which proposes that numerous afferent signals are subconsciously integrated 

into the RPE. Alternatively, Marcora (99; 100) suggested that the RPE is determined by a 

conscious sensation of thermal (dis)comfort. Either way, the RPE would mediate the 

regulation of exercise in an anticipatory way by adjusting motor unit activation, in order 

to prevent detrimental changes to homeostasis. This implies that self-paced work load 

has to be diminished during heat stress to maintain an acceptable RPE (101).  

 

Cardiovascular strain 

Heart rate and energy expenditure 

To facilitate heat loss during episodes of heat stress, blood flow to the skin is increased. 

By enlarging the vascular bed, end diastolic volume and the subsequent stroke volume 

are reduced. To maintain a constant cardiac output during heat stress, heart rate is 

raised at any submaximal activity level. When exercising under heat stress, the 



Chapter 1 

 

36 

 

competitive blood flow demand of the muscles and the skin substantially increases the 

cardiovascular stress on the body. Increments in cardiovascular stress, as well as sweat 

rate, respiration and brain activity induce a higher oxygen uptake. Basal metabolic rate is 

5-20% higher in a tropical climate (73) and 23% higher when core temperature is 

passively raised by 1.5°C (102). During exercise in the heat, when active muscles and skin 

vessels compete for the limited blood volume, a higher muscle glycogen breakdown and 

lactic acid production are observed (103). This adds to the increase in energy 

expenditure and reduction in gross efficiency (104).  

 

Cerebral blood flow and metabolism 

Hyperthermic exercise leads to hyperventilation and reduction in arterial CO2 tension, 

which triggers cerebral vasoconstriction and decreased cerebral blood flow (CBF) (105). 

CBF keeps declining as long as core temperature increases, leading to impaired heat 

removal and significant changes in the cerebral heat balance (87). At severe 

hyperthermia, global CBF is diminished by 18%. Presyncopal symptoms or collapses in 

severely hyperthermic subjects could relate to cerebral perfusion limitations (106), 

especially during competition when athletes may push themselves beyond their limits. 

Despite the drop in CBF, cerebral metabolism does not decrease. During passive 

hyperthermia, cerebral oxygenation remains rather stable, possibly by increased cerebral 

O2 extraction (107). During heavy hyperthermic exercise, intense neuronal activity even 

increases cerebral metabolic rate, indicated by a 7% higher oxygen en glucose uptake 

(106). Because of reduced CBF and increased metabolic rate, cerebral oxygenation may 

be lowered and the local energy demand may be utilized to an extent that exceeds the 

cerebral energy supply and/or ATP resynthesis (87; 108). As a result, glycogen stores will 

be depleted and cerebral hypoglycemia may show up, deteriorating cerebral function.  

 

The hyperventilation induced decrease in CBF, possibly accelerated by the competition 

for blood flow between muscle and skin, may cause local ischemia. Further, the 

increased local energy demand and hypoglycemia that accompany hyperthermia, impair 

neuronal and astrocytic function and may lower the activation level during the last part 

of a sustained contraction (87). Therefore, these mechanisms may precipitate 

hyperthermic fatigue. Glucose supplementation likely enhances performance by 

increasing or maintaining the supply of substrate to the brain. Glucose supplementation 

may also benefit by attenuating the exercise induced rise in ammonia (87). 
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Endotoxemia 

Besides a reduction in CBF, cardiovascular strain during hyperthermic exercise also 

reduces blood pressure/flow to the gastrointestinal tract (109). The low blood flow 

compromises the integrity of the intestinal walls and endotoxins may ultimately leak into 

the circulation (110). The resulting endotoxemia triggers a cascade of detrimental 

responses such as free radical and cytokine release (5; 109). Free radicals impair 

contractile proteins of the muscle and cytokines impair the CNS, including a rise in 

setpoint and possibly inducement of central fatigue. In addition, cytokines cause 

hypotension and cerebral ischemia (109). Therefore, endotoxemia may both reduce the 

central neuromuscular drive and peripheral muscular activity. 

 

Heat disorders 

Heat strain can evolve into a heat disorder whenever the body is continuously unable to 

sufficiently control the heat and fluid balance. Extreme conditions are not required, as 

heat casualties have been reported under 20°C ambient temperature. There are several 

degrees with a different level of severity: 

 

Heat cramps 

The least serious heat disorder involves severe cramping of skeletal muscles, especially 

the most heavily used. It is thought to be caused by the loss of minerals and fluid as a 

result of profound sweating. 

 

Heat exhaustion 

Heat exhaustion arises when the cardiovascular system is unable to meet the demands 

of both the active muscles and the skin dissipating excess heat. Usually this happens 

when the blood volume has been reduced by fluid and mineral loss. It results in severe 

fatigue, dizziness, breathlessness, a pale and cool or hot and dry skin, weak rapid pulse 

and hypotension. 

 

Heat stroke 

Heat stroke is a life-threatening result of overheating, brought on by complete failure of 

the thermoregulatory system. It is characterized by a core temperature above 40°C, 

cessation of sweating, warm and dry skin, rapid pulse and respiration, confusion and 

unconsciousness. If untreated, heat stroke will end up in coma and death. 
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Structures that are most at risk during severe hyperthermia are the gut and the brain (5). 

The gut may suffer from endotoxemia and its detrimental consequences, as discussed in 

the previous paragraph. The brain is at risk for denaturation of proteins. Heat tolerance 

of the brain is dependent upon duration. Limits in brain temperature of a transient 44°C 

or 40-60 min in the range of 42-42.5°C have been reported (24). 

 

Hyperthermic fatigue 

Limitations in endurance performance 

Numerous studies indicate that exercise hyperthermia can be a crucial limitation in 

human endurance capacity (e.g. 81; 111; 112). During maximal fixed paced exercise this 

is expressed in a reduced time to exhaustion, while during self-paced performance, work 

load is reduced to maintain an acceptable level of homeostasis. The exact link between 

heat stress, physiological strain and hyperthermic fatigue has not entirely been 

established though.  

 

Originally it was thought that the performance limitation by exercise hyperthermia 

mainly had to do with the reduction in muscle blood flow (113), but this concept has 

been released. Further, glycogen content at the point of fatigue in the heat has been 

reported to be greater than at the point of fatigue in comfortable ambient conditions, 

indicating that glycogen depletion is not likely to be a cause of fatigue in the heat either 

(66; 114). Currently, hyperthermic fatigue is thought to be a complex phenomenon 

caused by several of the other homeostatic disturbances that have been described in the 

previous paragraphs. As pointed out by Cheung and Sleivert (109), both thermal strain, 

impairing arousal and voluntary neuromuscular activation, and cardiovascular strain, 

impairing blood pressure/blood flow to the brain and the splanchnic tissues, are likely 

contributors  to hyperthermic fatigue. However, research separating thermal and 

cardiovascular effects by passive heating, revealed that cardiovascular strain was not a 

prerequisite for a reduction in voluntary neuromuscular activation (83). This led to the 

suggestion that a high core temperature per se is the primary factor inducing 

hyperthermic fatigue. 

 

Performance regulation 

In research on hyperthermic exercise, two concepts have been put forward on how 

performance is regulated toward voluntary exhaustion: 
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1. exhaustion occurs upon the approach or attainment of a critical internal temperature 

before the point of collapse in reached; 

2. exercising humans anticipate the intensity of heat stress and seek to regulate their 

workload accordingly to prevent premature exhaustion. 

 

Regarding the first concept, several studies found a consistent endpoint temperature at 

voluntary exhaustion, independent of starting core temperature, rate of heat storage, 

tolerance time, sweating rate, cardiac output, leg blood flow and substrate availability 

(64; 115; 116). This argues for a safety switch in organisms that elicits voluntary 

cessation of exercise at a critical internal temperature prior to catastrophic systemic 

damage from hyperthermia. A benefit of aerobic fitness is the ability to tolerate a higher 

core temperature at the point of voluntary fatigue. In fit subjects, the capacity for heat 

storage seems to be higher and the thermal setpoint for exhaustion is shifted upward. 

 

Research supporting the second concept suggested there may be feedforward and 

feedback voluntary control of effort during heat stress, well before the attainment of 

physiological impairment of exercise (96; 97). This produces a work rate that permits 

completion of the task as efficiently as possible with the least risk of developing heat 

exhaustion. The self-selected pace might be modulated by the initial rate of heat storage 

(101). This notion was supported by the fact that subjects with a larger body mass 

appear to select a lower pace in the heat than lighter runners of the same level, in order 

to attain a similar manageable rate of heat storage (12; 117). Skin temperature and 

thermal perception at the start seem important as well. In a liquid-perfused suit that was 

heated or cooled during a time trial, subjects performed better when starting cool and 

finishing warm than vice versa (118). 

 

It seems that studies applying fixed intensity exercise to exhaustion find evidence for the 

concept of critical core temperature, whereas studies on self-paced exercise rather point 

towards the anticipation concept. An interesting integration of these concepts proposes 

that the organism might use both systems: an anticipatory system to prevent excessive 

heat build-up and a safety switch to terminate exercise before collapse. In that way, both 

concepts serve complementary purposes (119). 
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Attenuation of heat strain 

In view of the detrimental effects of heat stress on exercise performance, interventions 

that delay hyperthermia during heat stressed exercise have gained considerable interest. 

Nearly all the heat stress factors referred to in paragraph 1.3.1 can be alleviated by 

taking appropriate action. First, exercise-induced heat strain may be attenuated by 

adjusting the pacing pattern in order to prevent a high rate of heat storage at a 

premature stage. Second, environmental heat stress can be relieved by protection from 

radiation, using sun screens or specifically designed caps and helmets (120). Third, 

protective clothing should be lightweight, airy, breathable and/or easy to take off during 

breaks. And fourth, individual improvements in fitness and acclimatization attenuate 

heat stress.  

 

But in addition to reducing heat stress, one can also diminish its impact by actively 

cooling the body. A recent review concluded that body cooling leads to a mean 

improvement in aerobic exercise performance of 4.25%, while the impact on anaerobic 

performance is more varied (121).  Therefore, cooling manipulations before and during 

prolonged exercise have shown widespread application.  

 

Precooling  

Precooling refers to the reduction in body heat content prior to exercise performance in 

order to increase the heat storage capacity. This extra buffer for metabolic heat 

production is thought to delay or attenuate the discussed hyperthermia-induced 

mechanisms leading to performance decrement. In general, research demonstrated that 

precooling increases time to exhaustion during fixed paced exercise (122; 123). Further, 

it increases power output (124-126) and pacing stability (124) during self-paced exercise 

in the heat, providing most benefit for endurance exercise of over 30 min (127; 128). 

Remarkably, precooling benefits in thermal and cardiovascular strain are often mainly 

observed at the initial stages of a time trial, while the improved pace only becomes 

apparent at the final stages (124; 129) (Figure 1.6). In short explosive disciplines, 

precooling may be less effective as hyperthermic fatigue is not a limiting factor and 

lowering of the muscular temperature may decrease the contractile properties of the 

muscle (130).  
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Figure 1.6. Power output for precooling (Cool) and control (Cont) conditions during a 40-min 

cycling time trial in 33°C. From (124). * denotes a significant difference. 

 

Studies are widely varied regarding precooling and exercise methodology, as well as 

ambient conditions. Precooling methods have been focusing on the skin (ice jackets, ice 

packs, cool air flow), the core (ingestion of cold water/ice, cool air breathing, intravenous 

saline) or both the core and the skin (cold water immersion, cold room). Performance 

effects have been tested at intermittent and continuous protocols from 45 s to 60 min in 

both moderate and hot conditions. Despite the generally positive research results, 

especially on prolonged exercise bouts, methodological variation makes it difficult to 

establish general guidelines for optimal precooling application in practice (121; 127; 

131). A recent meta-analytical review attempted to classify different precooling studies, 

comparing their relative performance effect (128). It confirmed that precooling was 

more effective in hot than moderate conditions (+6.6% and +1.4% for conditions above 

and under 26°C, respectively), more effective in endurance exercise (open end +8.6%, 

time trial +4.2%) than intermittent exercise (+3.3%) and short-term sprints (-0.5%) and 

more effective in subjects with high than moderate aerobic capacity (+7.7% and +3.8% 

for VO2max above and under 65 ml/min/kg, respectively). Cold drinks or ice slurry 

ingestion was reported as the most effective method (+15.0%). 

 

Nevertheless, there is a number of relevant issues for practical application that are 

sometimes overlooked in lab based experimentation. Substantial cooling (e.g. reduction 

of core temperature of >0.3°C) has to be achieved within a small time frame. The 
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method needs to be practical, logistically feasible in the field and sufficiently convenient 

for the subject. Further, research to an optimal combination with warming-up is 

warranted, as warm-up and precooling have an opposing effect on body temperature. 

Chapter 6 tries to contribute to this discussion. A cool core/skin with warm muscles has 

been suggested as the optimal combination. However, the beneficial effects of warm-up 

for prolonged exercise remain ambiguous (132); especially in the heat, precooling alone 

may be more effective. In that respect, it is relevant that precooling body parts with 

exercising muscles has been found not to result in a different gross efficiency during 

subsequent exercise than cooling other body parts (133). Finally it is worth noting that 

precooling may be extra useful for afternoon activity. Not only because ambient 

temperature tends to be higher at that moment, but also the diurnal core temperature 

rhythm reaches its peak in the afternoon, reducing the heat storage capacity (130). 

 

Regarding practical application, ice slurry ingestion has been shown to be an effective 

and practical tool for precooling the core (129; 134). Ice vests and head cooling also 

seem useful alternatives, as they have been reported to lower the rise in core body 

temperature during an active and passive warm-up respectively, as well as to improve 

thermal perception (135; 136). Chapter 6 discusses both ice slurry ingestion and head 

cooling. 

 

Cooling during heat stress 

Cooling during heat stressed performance should logically be even more effective than 

precooling. Natural air flow by movement or wind and pouring cold water down the 

body are the most basic forms, applicable to many situations. But cooling modalities like 

cooling vests, cooling neck collars, hand-held heat exchange devices and head ventilation 

have also been explored. Although the latter modalities are prohibited in competitive 

sports and might be considered impractical to apply during work and exercise, these 

cooling interventions can provide considerable benefits in thermally demanding 

occupational settings, as well as during sports training or pre-event warm-up sessions. 

 

Cooling during exercise appears to affect thermal perception and performance positively. 

Torso cooling by a cooling vest improved physiological parameters and performance in 

heat stressed pilots and additional head cooling had a positive effect on thermal comfort 

(93; 137). The latter was confirmed during fixed load exercise with face cooling by cold 
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water spray (92). Fixed load exercise with head ventilation has also been reported to 

significantly increase time to fatigue, up to 51% (68). Whole body wind application 

substantially increased evaporative capacity during prolonged fixed-paced cycling in the 

heat, reducing heat storage (Figure 1.7) and body temperature (69). The increased 

evaporative heat loss decreases skin temperature and may subsequently decrease core 

temperature as well (138).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7. Decrease in heat storage with increasing wind speed during 2 h ergometer cycling in 

33°C and 59% RH. From (69). 

 

Self-paced exercise performance has also been shown to benefit from cooling 

applications; a heat exchange device applied at the palm of the hand improved cycling 

time trial performance (139), while neck cooling improved perceived thermal sensation 

and covered distance in a 15 min running time trial (140). Finally, it was shown that 

dilating the nostril flares during exercise decreases tympanic temperature (141). This 

could be explained by the stimulation of respiratory evaporative heat loss, which is in 

accordance with clinical findings (142; 143). Cooling the head and respiratory tract may 

be specifically interesting, as it might trigger selective brain cooling, an internal cooling 

mechanism of the brain. The next paragraph shortly discusses this phenomenon, of 

which the existence is still uncertain.  

 

Selective brain cooling (SBC) 

SBC refers to the lowering of brain temperature below central blood temperature and 

has been demonstrated in several homeotherms, especially in members of the order of 
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artiodactyls (144-146) (Figure 1.8). In situations like heat stress and dehydration, these 

animals make use of a vascular heat exchange system in their head, the carotid rete (24; 

147; 148).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8. Selective brain cooling as demonstrated in goats. From (146). 

 

It is a long lasting debate whether hyperthermic humans, for example during exercise, 

also demonstrate SBC (26-28). Humans do not possess a carotid rete, but might use a 

mechanism involving superficial cooling of venous blood at the scalp skin surface and the 

nasal mucosa. This would be transferred to the inner brain by countercurrent heat 

exchange, convection and conduction (24). The main purpose of SBC in humans would be 

to prevent heat induced damage of cerebral tissue, but could also be used to delay the 

onset of fatigue during prolonged exercise. If so, artificial stimulation of SBC would be an 

interesting tool to prevent detrimental effects of hyperthermia and/or enhance 

performance. Stimulation of SBC could be accomplished by face fanning, indirectly 

stimulating brain cooling by enhancing venous blood cooling in the superficial layers of 

the scalp (31). Another option is scalp cooling, which can be accomplished by packed 

frozen liquids or cooling helmets, as will be discussed in chapter 6.  

 

Whether or not induced by artificial head cooling, the existence of SBC in humans is 

controversial. Numerous arguments for and against have been addressed in some 

interesting point counterpoint discussions (26-28). Research to the existence of SBC and 

the extent of its effect is complicated by the unclear temperature distribution in the 

brain and the difficulty to measure it in a reliable and valid way. The majority of the 
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experimental evidence comes from studies using tympanic measurements as a substitute 

for brain temperature (88; 149-153), most applying face fanning to trigger SBC. However, 

previous paragraphs already reported that there are many confounders in tympanic 

measurement, face fanning being one of them. So the small SBC effects that have been 

reported based on tympanic temperature are far from reliable. And even if a reliable 

tympanic measurement is obtained, it is still unclear how representative it is for average 

brain temperature. 

 

Direct brain measurements during clinical interventions have provided indications that 

respiratory ventilation or head cooling may induce a slight decrease in subdural brain 

temperature during hyperthermia (154; 155). However, cooling appeared to be 

restricted to local and superficial layers of the brain. It is questionable if the term 

selective brain cooling is appropriate for a local artificially induced phenomenon. Neither 

brain stem measurements, nor cerebral arterial-venous temperature differences 

provided evidence that face fanning reduced average brain temperature below 

esophageal temperature (156; 157). So humans seem to have limited ability to 

selectively decrease average brain temperature below central blood temperature. 

Alternative brain temperature measurement methods like MRI could help to find more 

evidence on this issue. 

 

Concluding remarks  

Obviously, heat stress has considerable impact on performance and may impose health 

risks. However, the effects of specific conditions, the exact mechanisms linking heat 

stress to performance and the best ways to optimize performance and reduce health 

risks are still not fully unraveled. Gaining more knowledge on these topics could optimize 

safety, performance and well-being in occupational and sports settings. Chapter 6 to 8 of 

this thesis aimed to contribute to this purpose. 

 

Outline section 2 

In the second section of this thesis, including Chapter 6-8, three studies on the effects of 

(manipulation of) thermal stress are discussed. Each study focuses on one of the three 

main thermal stressors: exercise, climate and protective clothing.  
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 Chapter 6 studies the effect of different preparation regimes on pacing during a 15-

km cycling time trial in the heat. Preparation regimes involve warm-up, precooling by 

ice slurry ingestion and/or scalp cooling.  

 

 Chapter 7 first aims to establish the independent perceptual effect of wind cooling 

and its impact on performance when compared to windless climates inducing similar 

thermal strain. Secondly, the responses of temporary wind cooling during a self-

paced time trial on thermal strain, thermal perception, pacing and performance are 

investigated. 

 

 Chapter 8 reports the amount of heat strain experienced by ice hockey goalies, 

wearing extensive protective clothing. In addition, heat strain related effects on 

performance are explored. 

 

 The summarizing discussion in Chapter 9 will provide an overview of the main 

conclusions of these studies, the additive value of this knowledge and directions for 

future research. 
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