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Physiological limits to exercise performance
in the heat
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Summary Exercise in the heat results in major alterations in cardiovascular, ther-
moregulatory, metabolic and neuromuscular function. Hyperthermia appears to be
the key determinant of exercise performance in the heat. Thus, strategies that
attenuate the rise in core temperature contribute to enhanced exercise perfor-
mance. These include heat acclimatization, pre-exercise cooling and fluid ingestion

which have all been shown to result in reduced physiological and psychophysical
strain during exercise in the heat and improved performance.

© 2007 Sports Medicine Australia. Published by Elsevier Ltd. All rights reserved.
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The increased metabolic heat production asso-
ciated with strenuous exercise, in combination
with impairment of heat dissipation by elevated
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nvironmental temperature and/or humidity, cre-
tes a major physiological challenge for the
xercising athlete. The eminent cardiovascular
hysiologist Loring Rowell stated that ‘‘Perhaps
he greatest stress ever imposed on the human
Fluid ingestion...................................
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Introduction
ardiovascular system (except for severe hem-
rrhage) is the combination of exercise and
yperthermia. Together these stresses can present
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Physiological limits to exercise performance in the heat

Figure 1 Power output during a 30 min cycling time trial
at 32 ◦C (HT) or 23 ◦C (NT) in elite road cyclists. Values
are means ± S.E. (n = 11). (*) Denotes different from NT,
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< 0.05. From Tatterson et al. (2000).

ife-threatening challenges, especially in highly
otivated athletes who drive themselves to

xtremes in hot environments’’.1 Accordingly,
xercise performance is reduced and the risk of
eat injury is increased when environmental heat
tress accompanies strenuous exercise. Laboratory-
ased studies have documented reduced endurance
xercise capacity, as measured by time to
atigue,2,3 and performance (Fig. 1)4 under hot con-
itions. Furthermore, pre-exercise heating results
n reduced endurance exercise tolerance.5 Sim-
lar heat-induced reductions in performance are
bserved during high intensity, sprint exercise.6,7

ewer studies have been conducted under field
onditions, but heat stress does contribute to
educed marathon running performance8 and a
ecent report suggested that marathon finish-

ng times were increased by 2—3% when WBGT
xceeded 20 ◦C.9

d
c
h

igure 2 Net muscle glycogen utilisation (left panel) and blo
70% VO2 peak in trained men at 20 and 40 ◦C. Values are m
< 0.05. Data from Febbraio et al. (1994).
67

hysiological and metabolic factors in
atigue

here are potentially several physiological and
etabolic factors contributing to the exaggerated

atigue experienced during exercise in the heat.
hese include alterations in energy metabolism,
ardiovascular function and fluid balance, and cen-
ral nervous system function and motor drive. While
t is likely that they all contribute in some way, a
ommon element in fatigue during exercise in the
eat appears to be a critically high core tempera-
ure, perhaps secondary to an inability of a limited
ardiac output to maintain cutaneous perfusion for
eat loss.

etabolism

uscle glycogen depletion and hypoglycemia have
ong been associated with fatigue during prolonged,
trenuous exercise. During exercise in the heat,
he rate of muscle glycogen degradation is signif-
cantly increased (Fig. 2)3,10,11 with a concomitant
ncrease in both carbohydrate oxidation and lactate
ccumulation. Mechanisms thought to be responsi-
le for the enhanced muscle glycogenolysis include,
ut may not be limited to, elevated circulating
drenaline and increased muscle temperature.12

here is an exaggerated hyperglycemia during exer-
ise in the heat due to a greater liver glucose
utput, without any change in the exercise-induced
ncrease in peripheral glucose uptake.13 Despite
he greater mobilization and utilization of carbo-
epletion is not the cause of fatigue during exer-
ise in the heat since muscle glycogen stores remain
igh,3 and the total amount of carbohydrate oxi-

od lactate accumulation (right panel) during exercise at
eans ± S.E. (n = 6—13). (*) Denotes different from 20 ◦C,
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dized relatively low,14 when exercise is terminated.
That said, increasing dietary carbohydrate intake
is associated with enhanced exercise capacity in
the heat, an outcome that cannot be explained
by effects on either hyperthermia or substrate
depletion.14 In addition, carbohydrate ingestion has
also been shown to increase exercise capacity in the
heat.15 In the absence of a clear metabolic expla-
nation, these authors suggested that carbohydrate
availability may have exerted ergogenic effects on
the central nervous system. An important point to
note is that while carbohydrate depletion may not
directly contribute to fatigue during a single exer-
cise bout in the heat, regular training on a daily
basis in a hot environment, as might be undertaken
to facilitate heat acclimatization, increases the
reliance on carbohydrate reserves. Thus, athletes
may need to increase their habitual dietary carbo-
hydrate intake under such conditions to preserve
their ability to continue hard training, although
empirical evidence supporting such a suggestion is
lacking.

Cardiovascular function and fluid balance

The major mechanism for heat loss during exer-
cise in the heat is evaporation of sweat. This
requires heat transfer to the skin via cutaneous
vasodilation and the loss of fluid which, if not
replaced, can result in dehydration. Skin blood
flow at rest is increased markedly under hot
conditions,1 but the onset of exercise results in
vasoconstriction. It has been suggested that the
‘‘circulatory conflict’’ between skin and active
skeletal muscle during exercise in the heat results
in reduced muscle blood flow;1 however, this does
not appear to be the case if exercise intensity and
the degree of dehydration are not too severe.16

At high exercise intensities, heat stress acceler-
ates the decline in stroke volume, cardiac output,
muscle blood flow and oxygen delivery, thereby
reducing maximal oxygen uptake.17 Furthermore,
dehydration reduces stroke volume, cardiac out-
put, mean arterial pressure18 and muscle blood
flow19 and impairs the ability of athletes to tolerate
hyperthermia.18,20 The combination of dehydra-
tion and hyperthermia has even greater negative
effects.18 Thus, impaired central cardiovascular
function with heat stress limits maximal exercise
performance in the heat17 and contributes to the
exaggerated hyperthermia during prolonged exer-

cise with dehydration.19 The reduced blood flow
observed during the latter stages of such exer-
cise does not impair glucose or FFA delivery to,
or lactate removal from, skeletal muscle21 and
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lthough carbohydrate oxidation, muscle glycogen
tilization and lactate production were increased,
t was suggested that fatigue was due to hyperther-
ia rather than altered metabolism.21 Increases

n core and skin temperatures to ∼38 ◦C result in
leveling off in cutaneous blood flow,1,5 thereby

educing the ability for heat dissipation. In the
ace of ongoing skeletal muscle vasodilation, this
eflects an inability of the cardiovascular system to
imultaneously maintain arterial blood pressure and
utaneous vasodilation. As mentioned, with max-
mal exercise17 or dehydration during prolonged,
ubmaximal exercise19 this cardiovascular limita-
ion results in reduced skeletal muscle perfusion
hich may also contribute to the development of

atigue.

entral nervous system function and motor
rive

bservations that fatigue during exercise in the
eat is associated with attainment of a so-called
‘critical’’ level of body core temperature have
ed to suggestions that hyperthermia may be
cting via effects on the central nervous sys-
em and motor activation. Such an hypothesis
s teleologically appealing since a reduction in
otor drive (and therefore exercise intensity)

lows the rate of metabolic heat production.
t has been demonstrated that both exercise-
nduced22 and passive23 hyperthermia reduce force
uring sustained maximal voluntary contractions
MVC), effects that appear to be mediated by
oth ‘‘central fatigue’’ and temperature-related
hanges in muscle contractile properties.23 The
eduction in force production was not observed
uring brief MVCs, suggesting that hyperther-
ia may affect the ability to maintain voluntary

ctivation.23 There is evidence of neuromuscular
atigue during prolonged cycling exercise in the
eat24 and the power output during self-paced
xercise is reduced when environmental temper-
ture is increased (Fig. 1)4,25 Interestingly, body
ore temperatures during exercise were similar in
he cool and hot trials, suggesting complex regu-
ation and integration of the thermoregulatory and
otor control systems. Indeed, a recent study has
roposed that the rate of heat storage, possibly
ith input from skin and blood thermoreceptors,
ontributes to such regulation, thereby ensuring
hat exercise intensity is adjusted so as to prevent

xcessive heat production and accumulation under
ot conditions.26 Understanding the complex neural
echanisms underlying such regulation is a signifi-

ant challenge for the future. There are a number
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Figure 3 Esophageal temperature relative to cycling
exercise time at 60% VO2 max in trained men at
40 ◦C following no intervention (control), precooling or
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hysiological limits to exercise performance in the

f changes in cerebral perfusion and metabolism
nd brain EEG activity that accompany fatigue
uring exercise-induced hyperthermia, although
ausal relationships are not well defined.27 Hyper-
rolactinemia during exercise in the heat provides
ndirect evidence of the potential involvement
f central serotoninergic activity in the aetiology
f fatigue under these conditions.28 Further-
ore, administration of a dopamine/noradrenaline

euptake inhibitor enhanced exercise exercise per-
ormance in warm conditions.29 Collectively, these
tudies implicate altered central nervous system
unction in hyperthermia-induced fatigue. Agents
hat alter the perception of fatigue may exert
rgogenic effects via these mechanisms; however,
hey may also oppose inhibitory signals arising
rom hyperthermia and increase the risk of heat
njury. Was the death of British cyclist Tom Simp-
on on the ascent of Mt. Ventoux in the 1967
our de France perhaps the terrible consequence
f amphetamine-mediated inhibition of signals that
ight have otherwise prevented the development

f fatal hyperthermia?

trategies to enhance exercise
erformance in the heat

ince hyperthermia appears to be the major fac-
or in fatigue during strenuous exercise in the
eat, the primary goal of strategies to enhance
xercise performance should be to attenuate the
ise in body core temperature. Effective strate-
ies include acclimatization, pre-cooling and fluid
ngestion.

cclimatization

epeated bouts of exercise in a hot environ-
ent result in a number of physiological and
etabolic adaptations that are associated with

mproved exercise performance.30 These include
n expanded plasma volume, increased stroke vol-
me and cardiac output and enhanced sweat rate
nd sensitivity during exercise in the heat.30 Mus-
le glycogen use during exercise in the heat is
educed following heat acclimatization,10,31 as a
onsequence of lower core temperature and plasma
drenaline levels.10 Interestingly, the rate of rise
n core temperature during exercise in the heat

as similar before and after acclimatization in

rained subjects30 and the increased exercise time
o fatigue, which corresponded with attainment of
similar core temperature, was due to a reduction

n resting body temperature.

t
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d
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reheating. Values are means ± S.E. (n = 7). Data from
onzález-Alonso et al. (1999a) and reproduced from
oyle (1999).

re-cooling

iven the observation of reduced core temperature
t rest following heat acclimatization and the con-
omitant increase in capacity for heat storage, it
ight be expected that cooling interventions that

ower core temperature could increase exercise tol-
rance in the heat. Indeed, this has been shown to
e the case in a number of studies (Fig. 3)5,32—34.
he benefits of pre-cooling include reductions in
hermal, cardiovascular and psychophysical strain
hat all contribute to improved performance. Based
n studies like these, many athletes engaged in
trenuous exercise have adopted cooling strategies,
otably cooling vests, to reduce thermal stress.

luid ingestion

he loss of body fluid due to sweating results in
ehydration which has negative effects on cardio-
ascular, thermoregulatory and metabolic function,
ncreasing the development of fatigue during exer-
ise in the heat (see above). Ingestion of fluids
s an effective strategy to attenuate many of
hese negative consequences of dehydration.35 The
nclusion of carbohydrate in rehydration beverages
ay provide additional benefits.15 The physiologi-

al benefits of fluid intake appear to be proportional
o the volume ingested36 and athletes are encour-

ged to replace fluids up to, but not exceeding,
heir sweating rate. In practical terms, this may be
ifficult due to large sweat losses, variations in gas-
rointestinal motility and fluid bioavailability and
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access to appropriate fluids. There is debate as to
whether ‘‘full’’ fluid replacement is necessary or
even desirable.37 Most studies examining the bene-
fits of fluid ingestion on physiological and metabolic
function have been laboratory-based and while they
provide valuable insight, direct extrapolation to all
athletic conditions in the field may be difficult. In
a recent study there was no relationship between
fluid intake and core temperature during outdoor
running38 and it has been observed that success-
ful athletes are often significantly dehydrated at
the end of endurance events.37 That said, there is
compelling evidence that fluid ingestion ‘‘ad libi-
tum’’ enhances endurance exercise performance;
whether ingestion of larger volumes is required
in outdoor settings is contested.37 Excessive over
drinking resulting in an increase in body mass during
exercise should be avoided since this can result in
hyponatremia, a potentially fatal condition. Given
these considerations, it is essential for athletes to
develop drinking strategies that maximise physio-
logical benefits, but prevent overhydration.
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