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he sight of pre-race favourite Paula
Radcliffe withdrawing from the
marathon after 23 miles is one of
the enduring images of the 2004 Athens
Olympics. Intense heat and humidity
were the main factors contributing to her
withdrawal, but what exactly happened?
What physiological factors combined to
prevent her from performing at her
optimum level? In order to understand
the reasons, it is important to know how
the body regulates temperature and
what factors affect thermoregulation.
Global warming and the expanding
calendar of major sporting events
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means that athletes are now competing
in temperatures ranging from -10°C to
40°C. Yet despite these extreme envi-
ronmental conditions, the body is able
to regulate its core temperature within
a narrow optimal range. How is this
achieved?

The hypothalamus

The hypothalamus is situated at the
base of the brain near the pituitary
gland (see Figure 1). Tt is the main con-
trol centre for temperature regulation.
One of its roles is to maintain the body’s
core temperature between 36.4°C and
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Chris Locke looks at how the body copes with extreme heat and discuss
factors that can help athletes ad

dapt to very high temperatures.

37.6°C. It does this by activating physio-
logical and hormonal responses within
the body.

The hypothalamus keeps the body in
thermal balance, so that the amount of
heat gained is equal to the amount of
heat lost (or vice versa). However, an
increase in heat gain will lead to hyper-
thermia (a rise in body temperature),
which can leave the body susceptible to
disorders such as heat stroke. Heat loss
can lead to hypothermia, where the core
temperature drops below 35°C.

To understand how the body regulates
temperature it is important to know the

mechanisms that cause the body to gain

and lose heat.

Methods of heat gain

The factors that cause heat gain are:
& basal metabolic rate

® muscular activity

w dietary-induced thermogenesis
s the environment
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Thermogenesis The process by which the
pody generates heat (or energy) through
increasing the metabolic rate above normal
Mechanisms for activating thermogenesis
include supplements, nutrition, exercise
and exposure to cold temperatures.

Metabolic rate increases with exercise,
in order to meet the extra demands
placed on thebody. The mainby-product
from any metabolic reaction is heat, so
an increase in metabolic rate will lead to
an increase in the amount of heat pro-
duced.
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Metabolic reaction A U_o%m%?a
reaction involving the release of energy.
For example, the breakdown of ATP to
ADP + P ﬁmimmwmc kinetic and heat u:m6<

Methods of heat loss

The body gets rid of the heat produced
by four main mechanisms:

® evaporation

® convection

m radiation

u conduction

Evaporation

The primary method of dissipating heat
during exercise is through evaporation,
and this plays a major role in thermoreg-
ulation. The body cools through sweat
evaporating from the surface of the skin.
The greater the rate of evaporation, the
greater the rate of heat loss. Evaporation
of water vapour also occurs between the
mouth and the environment, but this is
only a minor route in humans.

The rate of evaporation depends on:
w the total surface area exposed (the
larger the area the greater the rate of
evaporation)
w the relative humidity of the environ-

ment

Convection

After evaporation, convection is the
main source of heat loss during exer-
cise. The body is surrounded by a layer
of air. As the body moves and releases
heat, this air becomes warmer. The
warm air rises and a layer of cooler air
replaces it. This cycle helps to keep the
body cool. The rate of heat loss depends
on the difference in temperature
between the skin and the air and on the
speed of the air movement. The slower
the air speed, the greater the degree of
insulation. In a hot, still and humid
environment, the amount of heat lost

through convection is greatly reduced.

Radiation

The main mechanism for heat loss from
the body at rest is radiation. Heat loss
via radiation occurs from one surface to
another and depends on the surface
temperature. However, the degree of
heat loss is also dependent upon the
reflectivity of the surface. Surfaces
that do not reflect are said to have
a high emissivity. Such sur-
faces absorb mearly all the
thermal radiation that falls

on them and therefore

gain heat. Surfaces that

are polished and reflec-

tive do not radiate. This

is an important consid-

eration when athletes

are selecting the cloth-

ing and equipment they

will use in hot or cold

environments.

Conduction iy

Heat loss by conduction
involves the transfer of heat

Thalamus

Hypothalamus

along a gradient between two surfaces.
Little heat loss occurs by conduction
when exercising and it therefore plays a

minor role in thermoregulation.

How the body responds to heat
gain

In a temperate environment, the
increase in temperature and heat
gained due to exercise is dissipated
through the vascular network, via the
blood plasma. The high concentration
of water in blood plasma means that it
is an excellent conductor and it requires
a large amount of heat before the tem-
perature increases. Any increase in
temperature is detected by thermo-
receptors in the hypothalamus (see
Figure 1). The hypothalamus then
sends impulses through the sympathet-
ic nervous system causing vasodilation
in the pre-capillary sphincters near the
skin. This allows an increase in blood
flow to the skin, which helps to rid the
body of heat via radiation to the envi-
ronment, as well as making evaporation

more effective.

Figure 1 Position of the hypothalamus
and the pituitary m_mza in the brain
Cerebral
cortex

Pituitary
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crease in core temperature trig-
gevs sweating, in order to lose heat via
acmkm,m:mno:. While evaporation is the
primary route for heat loss, it is also the
main route for fluid and electrolyte loss
and therefore any increase in the degree
of sweating increases the risk of dehy-
dration.

The body is normally able to maintain
thermal balance comfortably but when
the additional stresses of extreme envi-
ronmental temperatures are present,
several factors dictate how effectively
the body can maintain thermal balance.

Thermoregulation in a hot
environment .

A great deal of research has been done
into the factors that affect thermoregula:
tion. Early studies focused primarily on
age and gender. However, itnow appears
that the overriding factor affecting the
body's ability to regulate temperature
in hot environments is an individual’s
aerobic capacity, or VO, max.

Research has shown that individuals
who have a high aerobic fitness demon-
strate a lower core temperature prior to
exercise and reach a higher core temper-
ature at exhaustion, compared with
untrained individuals. At core tempera-
tures of 42°C and above, proteins start to
coagulate, enzymes become perma-
nently disabled and the body is unable to
function. Researchers have recorded
final core temperatures as high as 41°C
in trained endurance athletes. Although
core temperatures did not reach 42°C,
some impairment of body functions
and tissue damage would have been
expected. However, this was not the

case.

Heat stress proteins

Current research suggests an explanation
as to why trained individuals are able to
tolerate higher core temperatures. In
order to prevent damage from internal
heat stress at the cellular level, the body
synthesises heat stress proteins that
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protect cells, Regular training in temper-
ate environments Has been shown to
stimulate the synthesisof these proteins,
due to the regular Q,%ow:wo to high core
temperatures experienced during exer-
cise. Theincrease in the presence of these
proteins could partly account for the
trained individual’s ;‘Gwok\mm response
to heat stress. -

Research has shown that training can
cause msmmn:,w;& occur more quickly.
Gruzia and Smorawinski (1991) found
that it took 4 minutes of exercise at sub-
maximal intensities before sweating
began. After 3 Boir,m of endurance
training, however, sweating started at

- 0.9 minutes, showinga dramaticimprove-

Bm:r,,o,oc:dma‘mo occurs at a faster rate,
increasing an individual’s ability to cope
with the demands of exercise in a hot
environment.

Blood plasma volume
Sweating earlier and at a greater rate
uldbe considered detrimental because

h,
in theory it will reduce the plasma vol-
ume and concentration of electrolytes,
which are crucial in maintaining the cir-
culatory system. Yet one of the main
effects of training is that the body is able
to maintain plasma volume and concen-
tration of electrolytes through an
increased sensitivity to fluid loss and
decreased blood pressure. When fluidloss
and reducedblood pressure are detected,
the hypothalamus stimulates the secre-
tion of the hormone aldosterone and
anti-diuretic hormone from the adrenal
cortex. Aldosterone is known to be the
strongest stimulus for sodium retention
and reabsorption in the body. 1tis vitalin
maintaining the balance of electrolyte
concentration in the plasma. Anti-diuret-
ic hormone stimulates reabsorption of
water from the kidney tubules.

The combination of these two hor-
mones helps to maintain blood plasma
volume during exercise in both tem-
perate and hot climates. This is one of

the main reasons why individuals with a

high aerobic capacity can endure greater
heat stresses than untrained individuals.
The maintenance of plasma volume pre-
vents additional strain being placed on
the circulatory system.

When blood plasma volume is reduced
through exercise or heat stress, there isa
decrease in venous return as blood starts
to pool in the veins. This in turn reduces
stroke volume, so in order to maintain
cardiac output, heartrate increases, mak-
ing the heart work harder to meet the
body's demands. This leads to a decrease
in the time before the maximum heart
rate isreached, thereby lowering the time
before the individual reaches exhaustion.
Roberts and Wagner (1988) found a direct
relationship between plasma volume and
heart rate. The lower the volume, the
greater the heartrate.

Reduced blood plasma volume also
creates conflict between the demands of
the muscle and the need to get rid of the

Tiger Woods sweating at the 89th PGA
Championships in Oklahoma, USA, in
August 2007 Temperatures were predicted
to be above 38°C

heat produced by the increase in meta-
bolic reactions. The redistribution of
blood reduces the venous return to the
heart. This leads to a reduction in the
rate of blood flow to the skin and there-
fore a reduction in the amount of heat
removed via evaporation. This reduced
ability to get rid of heat leads to an
increase in core temperature and a
decrease in the time that an individual
can maintain performance under heat
stress. In trained individuals the mainte-
nance of plasma volume allows both the
energy demands of the body and the
required rate of blood flow to the skin to

be met.

Acclimatisation

It has been suggested that trained indi-
viduals with a high VO, max respond
better to heat stress than untrained sub-
jects. However, Havenith (1990) found

that individuals with the best response
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to heat stress were those who had a | Xm<.¢°x 3 B T

good aerobic capacity and had gone
through a period of heat acclimatisa-
tion. The adaptations that the body
makes after a period of physical train-
ing are similar to the adaptations that
oceur during heat acclimatisation.

Hayes and Wells (1988) and Hovarth
(1981) found that untrained subjects
exposed to a period of heat stress in
which they had to conduct a series of
physical tasks/training made m?dhd sig-
nificant adaptations. Their heart rate,
skin temperature and core temperature
decreased during rest and while working
at sub-maximal intensity. Blood pres-
sure became more stable due to the
increase in plasma volume and a
decrease in electrolytes being lost
through sweating.

Trained individuals who already ben-
efit from these adaptations find that after

a period of heat acclimatisation they are

jogical and Peyc
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Key adaptations:

er onset of sweating

u increased sensitivity to decreases In
plasma volume and blood pressure

s earlier secretion of ADH and
aldosterone, ensuring maximal
reabsorption of water and electrolytes
w increased synthesis of heat stress

proteins to protect cells

s maintenance of blood plasma volume,
enabling the body to meet circulatory
demands

able to tolerate exposure to heat stress
better than individuals who are trained
but not acclimatised. This is why, in the
build-up to a major event, athletes accli-
matise by attending training camps in
places that replicate the environment in

which they will be competing.

Chris Locke is the Senior Subject Officer for
AS/A-level PE at AQA
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