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Review

Resumen

El ejercicio físico induce un aumento de la temperatura corporal que se ve influenciado por la intensidad de este, además de 
por las condiciones de estrés térmico en las que se realice. La relación potencia/velocidad-duración (PD/VD) muestra cómo 
el tiempo que un ejercicio puede ser mantenido depende de la potencia o velocidad producida, pudiendo diferenciarse 4 
dominios de intensidad que estarán delimitados por el umbral láctico (LT), la potencia/velocidad crítica (PC/VC) y el consumo 
máximo de oxígeno (VO2max). Esta revisión tiene como objetivo analizar los efectos del estrés térmico sobre el rendimiento en 
los diferentes dominios de intensidad-duración, así como identificar los principales mecanismos fisiológicos responsables. 
En los dominios de intensidad moderado (por debajo del LT) y duro (entre LT y PC/VC), el calor perjudica el rendimiento 
en los ejercicios que comprenden duraciones de ~40 min hasta por encima de 3h, siendo los mecanismos centrales y la 
depleción del glucógeno los principales contribuyentes a esa fatiga. En el dominio severo (por encima de la PC/VC), el calor 
afecta negativamente al rendimiento de los ejercicios máximos que van de los ~25 a ~2 min de duración, siendo los factores 
cardiovasculares y periféricos los limitantes principales. Sin embargo, en el dominio extremo (por encima del VO2max), el calor 
se ha visto como un elemento clave en la consecución de mejores registros de rendimiento en esfuerzos máximos inferiores 
a ~2 min de duración, debiéndose estas mejoras a factores centrales y de disponibilidad energética. El calor influye en gran 
medida en el rendimiento de los deportes de resistencia, acelerando el fracaso de la tarea en aquellos que tienen duraciones 
superiores a los ~2 min, y favoreciendo aquellos de duraciones inferiores. Conocer estos mecanismos de actuación puede 
ayudarnos a identificar distintas estrategias para reducir o aprovechar sus efectos durante el entrenamiento y la competición. 
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Summary

Physical exercise induces an increase in body temperature that is influenced by the exercise intensity, as well as by the heat 
stress conditions in which it is performed. Power/velocity-duration relationship (PD-VD) shows how long an exercise can be 
sustained depending on the power output or the velocity output. Four intensity domains can be differentiated, which will be 
delimited by the lactic threshold (LT), the critical power/velocity (CP/CV) and the maximum oxygen consumption (VO2max). 
This review aims to analyze the effects of heat stress on performance in the different intensity-duration domains, as well as 
to identify the main physiological mechanisms responsible. In the moderate (below LT) and hard (between LT and CP/CV) 
intensity domains, heat impairs the performance of exercises ranging from ~40min to over 3h, with central mechanisms and 
glycogen depletion being the major contributors to this fatigue. In the severe domain (above CP/CV), heat negatively affects 
the performance of maximum exercises ranging from ~25 to ~2 min duration, with cardiovascular and peripheral factors 
being the main limitations. However, in the extreme domain (above VO2max), heat has been considered as a key element in 
achieving better performance records in maximum efforts of less than 2 min, associating these improvements with central 
and energy availability factors. Heat greatly influences the performance of endurance sports, accelerating task failure in those 
efforts longer than ~2 min, and favoring those with shorter durations. Knowing these mechanisms of action can help us to 
identify different strategies to reduce or take advantage of their effects during training and competition.
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Introduction

Resistance is defined as the time limit over which work at a deter-
mined intensity can be maintained,1 as the energy contribution from 
aerobic means increases over 50% of the total as exercise extends 
beyond one minute.2 Various authors subsequently defined it with 
greater precision arguing that, in the same way, the capability to resist 
both physical and psychological fatigue should be distinguished from 
the capacity to recover quickly from the effort.3,4 In this way, it seems 
that the capability to resist a determined effort should not be associat-
ed with a minimum duration and could therefore be applied both to 
continuous and intermittent exercises.5 

In resistance sports, we find 5 main physiological factors that 
determine performance: maximum oxygen consumption (VO2max), the 
speed or power associated with it, energy efficiency, position (%VO2max) 
of metabolic thresholds (VT1 and VT2), and the reserve of anaerobic 
speed or power (RVA/RPA).6,7 The effects of these physiological factors 
on performance is represented by the power-duration (PD) or speed-du-
ration (VD) ratio.

In particular, the hyperbolic nature of the power-duration or 
speed-duration curve (PD/VD) shows the ratio between the power 
or speed produced and the time that it can be sustained. Skinner and 
Mclellan8 already classified intensities into three phases related to the 
physiological responses observed during exercise with progressively in-
creasing intensity. However, Burnley and Jones9 are currently proposing 
four intensity domains to explain bioenergetic responses to exercise and 
how they relate to task failure. This refers to the point that a participant 
cannot or does not want to continue a physical task.9

These four intensity domains are marked out by three physiological 
milestones (lactate threshold (LT), critical power/velocity (PC/VC) and 
maximum oxygen consumption (VO2max)), that will separate the sus-
tainable entities for hours, even minutes or seconds: moderate intensity 
(power or velocity below the LT), heavy (power or speed between LT and 
PC/VC), severe (power or speed over the PC/VC that can be sustained 
until the VO2max is reached), and extreme (power or velocity over VO2max).

9

The moderate intensity field includes intensities under the LT 
(between 50-60% of the VO2max in young subjects and between 
70-80% in highly-trained subjects).10 These intensities can be sustained 
beyond 3 hours (e.g. ultra-marathon, trail race, road cycling or long dis-
tance triathlon), because the intensity is so low that the blood lactate 
concentration levels and the respiratory exchange rate (RER) remain 
at base levels during the stable exercise.11 As the exercise continues 
over time, the incapacity to produce muscular strength due to a drop 
in activation of the motor neurons (central fatigue)12 is proposed as 
one of the main limiting factors for ultra-resistance performance,13–15 
and bioenergetic alterations might occur in the muscle, as well as an 
increase in the recruitment of motor units to maintain the task in hand.16 
On the other hand, peripheral fatigue associated with these intensities 
is most probably caused by depletion of glycogen.10,17 In addition, 

dehydration and thermal stress can also adversely affect performance 
and the athlete’s perception of their own effort during long-duration 
exercise.18,19 Although fatigue is multi-factorial in the moderate intensity 
domain, Burnley and Jones9 mention that central fatigue is the main 
determining factor.

In turn, the heavy intensity domain includes intensities from the 
LT to the PC/VC (70-80% of the VO2max in young subjects and 80-90% of 
the VO2max in highly-trained subjects.10 The PC or VC reflects a critical 
metabolic rate from which exercise is defined in a stable metabolic 
status (heavy and moderate intensity) of the exercise in the metabolic 
instability phase (severe and extreme intensity).20.21 This gives the hy-
perbolic relationship between the developed power/velocity and its 
sustainable time. The PC/VC is highly correlated with resistance perfor-
mance, associated with the respiratory compensation point (RCP)22 and 
the maximum lactate stable state (MLSS),23 although there is quite a lot 
of controversy on this matter.24–26 This review does not aim to assess the 
terminological and methodological differences between the PC and the 
MLSS (for review, see21,27). Therefore, we will use the terms PC or CS as 
the maximum metabolic stable status point that separates the heavy 
and severe intensity domains. The exercise in PC/VC can be sustained 
between 25-30 min,10,21 and it has been estimated that elite marathon 
runners compete at ∼96% of their critical velocity.20 Therefore, when 
the LT is exceeded, tolerance for exercise is limited between ∼40 min 
and ∼3 h,28 including tests in this domain such as a marathons, cycling 
time trials of around an hour and Olympic distance triathlons, among 
others. The characteristics of the physiological response to exercise in 
this domain are development of the slow component of VO2 and an 
increase in the blood [lactate], that will stabilise eventually.8 Jones et 
al.29 observed that during exercise 10% below the PC/VC, muscular 
phosphocreatine (PCr) and concentrations of inorganic phosphate (Pi) 
and the pH attained constant values within the first 2 min of exercise 
and remained stable during the following 20 min. However, the slow 
component of the VO2 will cause the muscular glycogen to be used as 
the exercise goes on, both for type I fibres and type II fibres, recruiting 
additional fibres necessary to maintain the intensity of the exercise, and 
depleting the muscular glycogen at a greater velocity.9,16,28,30 Therefore, 
depletion of the musculoskeletal glycogen can be key in the fatigue 
processes in this domain of intensity. In this respect, Burnley, Vanhatalo 
and Jones31 have also proved that central fatigue can limit performance 
at these intensities, and there is no single mechanism that is responsible 
for task failure.

The severe intensity domain includes action models that range 
from PC/VC to VO2max. Beyond the PC/VC, the muscular metabolites (PCr 
and H+), blood lactate and also the VO2 lose homoeostasis,32 reducing 
muscular efficiency, which boosts the slow component of the VO2 to 
its maximum, associating task failure with achieving the VO2peak and an 
“intolerable” muscular metabolic environment.33,34 These work intensities 
above the CP/CS also recruit type II muscular fibres with low oxidative 
capacity, where the QO2/VO2 ratio (and therefore PmvO2) is less than in 
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the type I fibres.10 Furthermore, the drop in pH means that the ventila-
tion, and so also the respiratory frequency, increase,35 also raising the 
demand on the respiratory muscles, that, out of necessity, or due to 
fatigue, can compromise blood flow to the active musculature,36 which 
causes intramuscular metabolic stress.37 Despite not having been tested, 
the reduction in the excitability of the motor neuron as the contractions 
progress in severe intensity exercise could contribute to central fatigue.10 
Therefore, this intensity domain considers resistance events in the range 
of approximately 2 to 25 min,20 covering a very wide range of events, 
such as in athletics, from approximately 800 m maybe even up to 
10,000 m, depending on sporting prowess and gender. 

The extreme intensity domain considers all intensities over the 
VO2max, where efforts are mainly dependent on the glycolysis and the 
phosphagen means. In this type of effort, high ATP production rates are 
fundamentally associated with developing high speed or power. The 
maximum rate of PCr degradation comes immediately after the start of 
the contraction and starts to fall after 1.3 s, while glycolysis reaches its 
maximum rate of ATP production after 5 s and it is maintained for several 
seconds before it subsequently falls.2 Consequently, the production of 
force will be affected as the resynthesis and ATP use rates drop. The 
almost complete emptying of the PCr reserves, the gradual drop in PH, 
the reduction in activity of the glycolysis enzymes, and problems in the 
transmission and inhibition mechanisms for the motor neurons will be 
the factors limiting the extreme intensity performance, among many 
others that have yet to be determined.2,38 Therefore, the athlete will fail 
the task before they can reach VO2max. Athletics disciplines between 60 
m and 400-800 m fall within this domain, just like some specific key 
moments in many resistance sport disciplines such as changes in pace, 
sprint finishes.

Therefore, there are many factors limiting performance that play a 
major role in task failure in each intensity domain. However, this review 
does not aim to analyse them all. The aim of this review is to analyse 
the acute responses from the organism to exercise in hot conditions 
and assess its effects on the different intensity-duration domains. It has 
been scientifically demonstrated that thermal stress reduces a human’s 
capability to do exercise,39 and it is a determining factor in certain 
competitions that are held each year in adverse weather conditions.40  

Acute responses from the organism when exercising in 
heat

We must differentiate between the terms thermal stress and ther-
mal tension.41 We talk about thermal stress as environmental conditions 
that lead to an increase in body temperature.42 However, thermal tension 
is the physiological consequence of thermal stress.43 The interaction be-
tween the two is a complex mechanism that depends on environmental 
variables (temperature, humidity, wind speed, solar radiation, the clothes 
worn, etc.) and the type of exercise (running, cycling, swimming, etc.), 
individuals (aerobic condition, body size, acclimatisation status, hydra-
tion status, etc.) and intensity, duration and strategy of exercise pace.41 

This multi-factorial interaction will cause core temperature to rise 
excessively over basal resting values (37ºC) for moderate intensity ex-
ercise in a cold-temperate environment (38ºC),44 thereby accelerating 
the fatigue induced by hyperthermia (H) and reducing the time to task 
failure. Intense physical exercise can cause an increase in the core tem-
perature (Tn) over 38ºC (H), altering the activity of the pre-frontal area of 
the brain (central fatigue)45 and reducing the time to exhaustion during 
exercise in a warm environment.39 Although the skin, muscle and brain 
temperatures are also affected, the core temperature seems to have the 
greatest impact on physiological thermoregulation.46 

Cheung and Sleivert47 conclude that there are at least two homoe-
ostasis disturbances that affect exercise performance in H conditions, 
mainly affecting the Central Nervous System (CNS) and cardiovascular 
tension. However, Nybo et al.41 propose an integrating model to under-
stand the complexity of fatigue induced by H, that includes cardiovascu-
lar tension, central fatigue, peripheral fatigue and changes in ventilation.

Consequently, thermal stress will harm exercise performance at 
both high and moderate intensities, manifesting as lower power or 
speed production during the time trials,48–53 reducing the time to task 
failure at set intensities,54–57 or in standardised protocols such as an 
incremental test.50,58,59 

Although the fatigue induced by H is multi-factorial and many 
factors change in parallel or are inter-related, we will try to describe the 
possible causes that might induce fatigue in each intensity domain in 
a hot environment.

Moderate intensity domain

To the best of our knowledge, no studies have been described that 
compare performance in the laboratory during efforts over 3 h in control 
and hot conditions. However, other studies can be referenced such as 
Parise and Hoffman,60 that compare data from 50 runners in a 161 km 
Trail event over two consecutive years, with hot conditions the first year 
and temperate conditions the second year, demonstrating a 7% drop in 
performance when competing in hot conditions. As this competition 
lasts around 24 h, performance was affected more for faster runners than 
slower ones, because they were running for a higher percentage of the 
race in hot conditions than runners who came further back. However, 
studies by Ely, Cheuvront, Roberts and Montain61 and Vihma62 show 
how the lower-level runners who took more than 3 h to complete the 
marathon distance were more affected, as the thermal stress increased, 
than the runners who finished the race in a shorter time. Therefore, as 
these articles demonstrate, heat plays a fundamental role in developing 
fatigue during sub-maximal long duration races. 

Factors that affect performance in the moderate intensity domain 
due to hyperthermia do not seem to be associated with either car-
diovascular or peripheral factors.41 Changes have barely been found 
in cardiac output during sub-maximal intensity exercise, due to the 
fact that, despite the rise in blood flow from the skin being associated 
with a lower systolic volume, the rise in heart rate can compensate the 



Jesús Martínez-Sobrino, et al.

44 Arch Med Deporte 2022;39(1):41-49

deterioration in cardiac filling.63 Furthermore, the increase in cardiac 
output will make it possible for blood to flow both to the skin and to 
the active skeletal muscles,64,65 thereby helping thermoregulation and 
the use of oxygen to sustain the intensity of the exercise.

Thermal stress also produces changes at a metabolic level in the 
muscle, with a greater dependency on glycogen in hot conditions, 
thereby increasing blood lactate concentration levels.59,66,67 There are 
several studies which state that depletion of glycogen deposits is not 
the main factor for task failure at sub-maximal intensities.41,68-70 However, 
to the best of our knowledge, it has not been demonstrated in such 
long duration tests, so it will be a factor to consider in ultra-resistance 
competitions.

Ventilation will also be increased during the sub-maximal exercise in 
heat regarding the normothermia conditions,71 but there is no mention 
that the respiratory musculature fatigue at these intensities causes a 
redistribution of the blood flow from the active skeletal musculature 
to the respiratory musculature,65 so performance will not be affected 
by this increase in ventilation.

Therefore, the central factors seem to induce the appearance of 
fatigue during exercise carried out in the moderate intensity domain. 
The high brain temperature, the dopaminergic system activity,72 low 
brain oxygen levels,73 and feedback from the skeletal musculature45 
can affect motor activation. Furthermore, it is well documented 
that exercise in heat causes perceptions of greater effort than in 
temperate conditions.48,72,74 The high skin temperature, associated 

with thermal discomfort, and the increase of ventilation, that can 

alter feelings of dyspnea, can also modify how exercise is performed 

and perceived.37,75 

Splanchnic and gastrointestinal blood volume will also be reduced, 

causing the release of endotoxins that are associated with gastrointesti-

nal discomfort, and a lower production of strength.41,76 Gastrointestinal 

emptying will also be reduced by the heat,77 accelerating dehydration 

and depletion of the muscular glycogen, affecting long-duration 

performance. 

All these factors will accelerate the fatigue process in hot conditions. 

However, it is very complicated to separate the effects of heat from the 

effects of actual dehydration.

Heavy intensity domain

Ely et al.,61 analysed the data from several marathons that were 

held at different temperatures, and they compared the results against 

the race records, showing a progressive drop in performance among 

elite marathon runners as the ambient temperature rises. Furthermore,  

Guy et al.78 analysed the marathon times for the World Championships 

of the International Association of Athletics Federations (IAAF) from 

1999 to 2011, and they saw a drop in performance of 3.1% and 2.7%, 

in men and women respectively, when the races were held in ambient 

temperatures >25 ˚C. Recent statistical analysis shows how, between 

5ºC and 25ºC, for every 1ºC that the ambient temperature increases, 

Figure 1. Acute effects of the heat on exercise and the intensity-duration domains.
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marathon performance is affected by 38 s among the 100 best times, 
and by 20 s for the race winner.79,80 Many studies have compared how 
the heat affects performance in the heavy intensity domain compared 
to temperate environmental conditions, distinguishing between self-
paced protocols48–50,52,53,81–90 and set intensity protocols.54–57,68,85,91 The fixed 
intensity exercise protocols provide information on the time to exhaus-
tion, while self-paced exercise protocols show the fatigue appearance 
process, and both protocols are based on different theories.88 During 
the fixed intensity exercise, there is a progressive and not self-regulated 
increase in core temperature, which will lead to voluntary exhaustion of 
exercise when core temperature values reach ~40˚C39,45,54 or exceed them 
in the case of some high level athletes during competition.92 However, 
during self-paced exercise, the athlete regulates the production of met-
abolic heat, and thereby avoids reaching this critical core temperature 
too soon, making it possible to finish the race (Table 1). 

In this domain, the factors that produce the fatigue are the same 
as in the moderate intensity domain (see moderate intensity domain). 
The increase in dependency on carbohydrates in thermal stress condi-
tions can accelerate the appearance of fatigue in this domain, where 
depletion of the muscular glycogen deposits is one of the main limiting 
factors, along with the central factors,41,72,73 of the exercise between LT 
and PC/VC.9 

Severe intensity domain

Several studies have seen maximum power production values 
fall during incremental intensity tests (VO2max) in thermal stress condi-
tions.58,93–101 Nybo et al.,41 show how VO2max fell by 11% on average in 10 
out of 11 studies analysed. These drops in VO2max have also been seen in 
previously acclimatised subjects (~7%), compared with VO2max in temper-
ate conditions (21˚C).58 During timed tests or tests to exhaustion mainly 

Table 1. Comparison of performance in sub-maximal aerobic exercise during time trials (TT) and time to exhaustion (TTE) in hot conditions 
vs. Control Temperature.

Study	 N	 Test	 Exercise	 Control	 Heat	 Intensity	 Performance

Peiffer and Abbiss48	 9	 TT 40 km	 Cycling	 17˚C	 32˚C	 Self-paced	 -3%

Periard et al.49	 8	 TT 40 km	 Cycling	 20˚C	 35˚C	 Self-paced	 -7%

Lorenzo et al.50	 12	 TT 60 min	 Cycling	 13˚C	 38˚C	 Self-paced	 -18%

Racinais et al.52	 8	 TT 43 km	 Cycling	 8˚C	 36˚C	 Self-paced	 -16%

Periard and Racinais53	 12	 TT 750-Kj	 Cycling	 18˚C	 35˚C	 Self-paced	 -14%

Periard and Racinais86	 11	 TT 750-Kj	 Cycling	 20˚C	 35˚C	 Self-paced	 -14%

Keiser et al.87	 8	 TT 30 min	 Cycling	 18˚C	 38˚C	 Self-paced	 -13%

Schlader et al.88	 9	 TT 30 min	 Cycling	 20˚C	 40˚C	 Self-paced	 -21%

Romer et al.89	 7	 TT ~30 min	 Cycling	 15˚C	 35˚C	 Self-paced	 -24%

VanHaitsmaet al.90	 20	 TT 40 km	 Cycling	 21˚C	 35˚C	 Self-paced	 -5%

Roelands et al.81	 8	 TT Kj 30 min	 Cycling	 18˚C	 30˚C	 Self-paced	 -25%

Roelands et al.82	 11	 TT Kj 30 min	 Cycling	 18˚C	 30˚C	 Self-paced	 -15%

Watson et al.83	 8	 TT Kj 30 min	 Cycling	 18˚C	 30˚C	 Self-paced	 -30%

Supinget et al.84	 10	 Marathon	 Running	 8˚C	 29˚C	 Self-paced	 -10%

Paula Viveiros et al.85	 14	 TT 10 km	 Running	 20˚C	 40˚C	 Self-paced	 -21%

			   TTE 90% MMP10 km		  20˚C	 40˚C	 90% MMP10 km	 -48%

Galloway and Maughan54	 8	 TTE	 Cycling	 4˚C	 31˚C	 70% VO2max	 -36%

					     11˚C	 31˚C	 70% VO2max	 -44%

					     21˚C	 31˚C	 70% VO2max	 -36%

Ftaiti et al.55	 7	 TTE	 Cycling	 22˚C	 35˚C	 60% VO2max	 -34%

Rowland et al.56	 8	 TTE	 Cycling	 20˚C	 31˚C	 65% VO2max	 -29%

Girard and Racinais57	 11	 TTE	 Cycling	 22˚C	 35˚C	 66% VO2max	 -35%

Parkin et al.68	 8	 TTE	 Cycling	 3˚C	 40˚C	 70% VO2max	 -64%

					     20˚C	 40˚C	 70% VO2max	 -50%

MacDougall et al.91	 6	 TTE	 Running	 23˚C	 39˚C	 70% VO2max	 -36%

Km: Kilometres; Kj: Kilojoules; MMP: Personal best; VO2max: Maximum Oxygen Consumption and performance reduction (%) during the tests. Dry-bulb temperature (ºC) of the control environment 
(temperate) and in thermal stress conditions.
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run over the PC/VC, performance was also affected in hot conditions 
compared to control conditions86,102–109 (Table 2).

During exercise in the severe intensity domain in H conditions, it 
seems widely accepted that cardiovascular mechanisms are responsible 
for the drop in VO2max and performance.41 Intense exercise is associated 
with high production levels of endogenous heat that, in a thermal stress 
environment, will compromise the capacity of the Cardiovascular System 
to dissipate heat to the environment,94 thereby developing an H and 
compromising the capacity to diffuse arterial oxygen to the muscles 
that are working. The combined effect of the drop in the central blood 
volume,110 and a lower diastolic filling time,111 will cause a drop in the 
systolic volume and cardiac output.63 Therefore, the muscular oxygen 
supply will not be sufficient for the oxygen extraction demands required 
by high intensity exercise, and to support thermoregulation, so perfor-
mance will be affected.41 

Therefore, the energy contribution of the anaerobic metabolism will 
increase to maintain the exercise intensity,112 decreasing ATP and PCr levels 
in the muscles more quickly and increasing the accumulation of blood 
lactate and H+, inducing peripheral fatigue.94

The increase in the work of the respiratory muscles during high 
intensity exercise will compromise the flow of blood to the musculature 
for the exercise due to vasoconstriction,113,114 so it will be a relevant factor 
in the performance both in normothermia and hyperthermia conditions.

Furthermore, the lower oxygen delivery to the muscle and changes 
in the muscular metabolism will influence the inhibitory afferent feedback 
of the CNS, increasing the athletes’ feeling of fatigue and influencing 
the pace,115 limiting the development of peripheral fatigue to a critical 
threshold, probably to protect the organism from the extenuation and 
any possible damage.116

During the severe intensity domain, the periphery and cardiovascu-
lar factors are the main limiting factors for performance in heat, but as 

mentioned previously, fatigue is multi-factorial41,47 and central fatigue can 
also play an important role in performance.

Extreme intensity domain

Back in 1945, Asmussen and Bøje117 demonstrated that perfor-
mance during maximum effort of 12-15 s on a static bike benefited 
from a greater muscular temperature, regardless of whether this was 
achieved by active or passive warming. Subsequently, other authors 
have confirmed these results on short duration maximum efforts.118-121 
However, it is not clear that performance is enhanced in severe intensity 
efforts in warm environment laboratory conditions. Dotan and Bar-Or122 
and Backx et al.123 did not find significant differences in Wingate test 
performance, or several consecutive tests, between temperate and 
hot environments, as opposed to Ball, Burrows and Sargeant.124 Other 
papers have reported greater performances in repeated short sprint 
protocols in thermal stress conditions.125,126 In field conditions, Haïda et 
al.,127 and Guy et al.78 used statistical analysis of results from major inter-
national championships for sprint and middle distance races to find that 
there is a relationship between the best results and a greater ambient 
temperature. Haïda et al.127 found that performances in athletics races 
between 100 m and 1,500 m were better in events held during the first 
week in July and usually coincided with important sporting events in 
the northern hemisphere where the average temperatures are usually 
high. They associate these better results with environmental conditions. 
Guy et al.78 analysed the 6 best performances in sprint races (100-200 m) 
during the IAAF World Championships between 1999 and 2011, and 
they found that the athletes performed ~2% better in hot conditions 
compared to temperate conditions.

Currently, the mechanisms for causing this improved performance 
during short term efforts in hot conditions are not known exactly, 

Table 2. Comparison of performance in maximum aerobic exercise during time trials (TT) and time to exhaustion (TTE) in hot conditions 
vs. Control Temperature. 

Study	 N	 Test	 Exercise	 Control	 Heat	 Intensity	 Performance

Periard and Racinais86	 10	 TT 15 min + 1 min 30 s max.	 Cycling	 18˚C	 35˚C	 Self-paced	 -18%

Altareki et al.102	 9	 TT 4 km	 Cycling	 13˚C	 35˚C	 Self-paced	 -2%

Ely et al.103	 8	 TT 15 min	 Cycling	 21˚C	 40˚C	 Self-paced	 -17%

Tatterson et al.104	 11	 TT 30 min	 Cycling	 23˚C	 32˚C	 Self-paced	 -6%

Tuckeret et al.105	 10	 TT 20 km	 Cycling	 15˚C	 35˚C	 Self-paced	 -6%

Tyler and Sunderland106	 9	 TT 15 km	 Cycling	 14˚C	 30˚C	 Self-paced	 -10%

Marino et al.107	 16	 TT 8 km	 Cycling	 15˚C	 35˚C	 Self-paced	 -12%

Marino et al.108	 12	 TT 8 km	 Cycling	 15˚C	 35˚C	 Self-paced	 -14%

Mitchell et al.109	 11	 TTE	 Cycling	 11˚C	 37˚C	 80% VO2max	 -48%

				    Cycling	 11˚C	 37˚C	 100% VO2max	 -3%

Km: Kilometres; VO2max: Maximum Oxygen Consumption and performance reduction (%) during the tests. Dry-bulb temperature (ºC) of the control environment (temperate) and in thermal 
stress conditions.
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although there are some theories. Asmussen et al.117 attributed this 
improved performance to the fact that the increase in muscle temper-
ature would provide a greater rate of forming cross-linkages. Gray et 
al.120 propose a faster rate of using phosphocreatine (PCr), and a greater 
conduction speed for muscular fibres. For greater knowledge of heat 
mechanisms on sprint performance, please refer to Girard, Brocherie 
and Bishop.128

Conclusion

This review has described how thermal stress influences perfor-
mance in the different intensity-duration domains described, and the 
physiological mechanisms that produce these variations. Analysis of 
competition results demonstrates how heat influences moderate inten-
sity performance, and that it is complicated to separate the effects of 
heat from the effects of dehydration. There is a lot of evidence on how 
heat affects performance during heavy and severe intensity exercises, 
both in laboratory conditions and during competition. However, in the 
extreme intensity domain, hot conditions seem to be more favourable 
to develop greater power or speed than a temperate or cold environ-
ment. In sub-maximal exercises (moderate and heavy domains), central 
factors and dependency on muscular glycogen seem to be the main 
limiting factors on performance in temperate conditions and these 
mechanisms will be more affected as thermal stress increases, thereby 
accelerating the appearance of fatigue. During maximal exercises (severe 
domain) in hyperthermia conditions, it will be the cardiovascular and 
peripheral factors that cannot sustain intensity and so limit performance. 
Supra-maximal exercise (extreme domain) will achieve improved per-
formance due to central factors and energy availability that increases in 
the heat. It is difficult to talk about isolated physiological mechanisms 
that determine performance in each intensity-duration domain. We 
talk about mechanisms that mainly influence the performance of each 
one, but it should be considered that many factors interact to cause the 
fatigue process, not just one. This review demonstrates that tests ranging 
from 3-4 min up to more than 3 h can benefit from cooling strategies 
before and during competition in hot conditions, while in races lasting 
<2min, cooling might compromise performance. 
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