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Introduction 

During a normal round of daily ac
tivities, whether at work or at leisure, 
the energy reserves of an aduU are 
rarely presented with a serious chal
lenge. In contrast, participation in var
ious sports or even the preparation for 
participation in sport can seriously 
challenge the adequacy of the nutrients 
available for energy metabolism. The 
consequences of the inability to pro
vide the energy required for a given ac
tivity is the early onset of fatigue. For
tunately during the majority of recrea
tional activities the onset of fatigue re
sults only in failure to perform well and 
is not associated wilh a serious threat 
to survival. Nevertheless, "'residual 
fatigue" or persistent tiredness, as it is 
more commonly called, can have a long 
term detrimental effect on the physical 
and mental health. In order lo be able 
lo understand how an individual is able 
lo meel successfully the challenge of 
exercise, il is helpful to summarize 
briefly characieristics and contribu- 71 



tions of some of the principle systems 
involved in the integrated physiologi
cal responses to exercise. Thus this 
summary will briefly cover the trans
port of oxygen to the working muscles, 
the nature of the different muscle fibre 
types and then the various nutrients 
available for energy metabolism. 

Oxygen transport 

Oxygen is transported from the ex
ternal atmosphere to the internal envi
ronment of the muscle by the cardio
respiratory system. The capacity of 
the oxygen transport system is quite 
impressive. for example the oxygen up
take of an individual can increase by 
twenty limes in a matter of minutes, 
going from a resting value of about 
3ml/kg/min to 75ml/kg/min during 
maximum exercise and to bring this 
about lhc ventilation rate increases 
from a resting 8 l/min lo 126 l/min. 

The irjnsport of oxygen lo the mus
cle begins after the transfer of oxygen 
from the atmosphere to ihe red blood 
cells, which occurs across the thin wal
led alveoli of the lungs w hich separates 
the external environment from the in
ternal environment of the body. Ap
proaching the muscle, the oxygen con
taining red blood cells squeeze through 
the capillaries around each muscle 
fibre. As they pass along these thin-
walled blood vessels, the red blood 
cells make available to the muscle 
fibres their complement of oxygen. 
Oxygen will diffuse into fibres which 
are using up their oxygen supply more 
readily than it will inlo fibres which are 
less demanding or do not have the 
capacily for high rales of oxygen con
sumption. In ils journey to the muscle, 
the oxygen in the red blood cells is at-

72 tached to haemoglobin and it is a simi

lar type of molecule inside the muscle 
cells, called myoglobin. which helps 
the diffusion process. The destination 
of the oxygen, wiihin muscle cells, are 
small cell-like bodies or organelles 
which are called mitochondria. It is in 
the mitochondria that the oxidation of 
the available nutrients or metabolic 
fuels occurs to provide the muscle with 
a usable form of energy. When an indi
vidual is at rest,skelelal muscles receive 
sufficienl oxygen carrying blood to 
allow aerobic metabolism lo cover the 
energy needed to maintain posture and 
thc domestic requirements of the cell. 
However during exercise the amount 
of blood direcled lo the working 
skeletal muscles is increased at the ex
pense of blood flow to other regions, 
namely the gaslro-intestinal area, the 
kidneys and. during high intensity 
exercise, skin blood flow is also com
promised. Redistribution of the car
diac out-put to working muscles is to a 
targe extent under neural control and is 
brought about by vaso-constriction of 
blood vessels in the gastro-intestinal or 
splanchnic region and dilation of the 
blood vessels supplying skeletal mus
cles. 

The rate of oxygen consumption or 
uptake by an individual is calculated 
from a knowledge of the volume of air 
ventilated and the amount of oxygen 
and carbon dioxide in the expired air 
for a given period of time, such as one 
minute. Thus, simply by collecting 
samples of expired air for fixed periods 
of time and analysing them for their 
composition of oxygen and carbon 
dioxide, the oxygen uptake of an indi
vidual can be calculated for exercise of 
differeni intensities and durations. 
Furthermore the ratio of the volumes 
of carbon dioxide exhaled lo those of 
oxygen consumed (VCO/VO,). called 



the respiratory exchange ratio (R). 
provides information on the metabolic 
events occurring during exercise. 
When, however, information is re
quired about the exercise intensity, 
then describing the oxygen cost of the 
activity allows only the calculation of 
the gross energy expenditure but it 
does not describe the physiological 
stress on the individual. For example, 
two individuals can be running along 
together at the same speed and using 
the same amounts of oxygen but be ex
periencing quite different levels of 
physiological stress. The physiological 
stress or relative exercise intensity, as it 
is more appropriately known, is calcu
lated by expressing the oxygen cost of 
the activity as a percentage of the indi
vidual's maximum oxygen uptake (% 
VO.max). The maximum oxygen up
take (VO.max) of an individual is de
termined by. for example, uphill run
ning on a treadmill lo the point of voli
tional fatigue. Under these exercise 
condilions a large proportion ofthe in
dividual's muscle mass is employed and 
as such demands a large consumption 
of oxygen. It is during this type of activ
ity that the twenty-fold increases in 
oxygen consumption is routinely ob
served. The VO.max determines the 
level of exercise an individual may 
achieve. For example, high speed run
ning requires a high rale of oxygen con
sumption and so only individuals wilh 
VO.max values greater than that de
manded by that parlicular running 
speed can aspire to sustain such levels 
of activity. Furthermore the greater 
the duralion of the activity the lower is 
the tolerable exercise inlensity. During 
marathon races the elite runners are 
able lo tolerate running speeds which 

represent a relative exercise of approx
imately 75%-K0% VO.max. whereas 
the exercise intensity tolerated by the 
recreational runners tends to be bet
ween 60% and 70% VO,max. Indi
viduals are able to run al speeds de
manding maximum rates of oxygen 
consumption for only short periods of 
time. Thus for individuals who have 
high VO.max values the distance co
vered will be greater than for individu
als who have more modest VO.max 
values. 

Nevertheless it is important to 
realize and appreciate that the car
diovascular adjustments, the ther-
moregulatory and metabolic response 
to exercise, occur with respecl lo the 
relative exercise intensity rather than 
to the absolute exercise intensity. 
Therefore the relative exercise inten
sity, rather than the absolute exercise 
intensity, dictates how well an indi
vidual will be able lo tolerate a particu
lar activity. 

Muscle flbres 

Human muscle fibres have been 
traditionally described in terms of their 
speed of contraction and their colour, 
White muscles tended to be fast to con
tract and fast lo fatigue whereas red 
muscles tended to be slow lo contract 
and slow to fatigue. Each muscle is 
composed of many thousands of mus
cle fibres and these fibres can be clas
sified inlo three convenient popula
tions. This classification is based on the 
qualitative identification of the activity 
of the enzyme responsible for hyd-
rolysing ATP* and so allowing muscle 
fibres to contract. The speed of con
traction of muscles from different 

(•) Adenosine triphosphate. 73 
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Figure 1 - .-V cross-section ofa sample of skeletal muscle obtained frum the vastus lateralis using the per
cutaneous needle biopsy technique. This sample of muscle ha.s been stained for the enzymes myosin AT
Pase, under both alkaline and acid conditions, N.-VDH-diaphorase and alpha-glyceropbosphale dehyd-
rogena.se. The fibre identified is fast contracting, low oxidative, high glyeolytic and is therefore Type lib 
or fast Twitch GIvcolvtic (FG) 
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species was found to be proportional to 
the activity ofthe enzyme "myosin AT
Pase". Thus using a series of colour 
forming reactions (histochemistry) 
muscle fibres with either high, modest 
or low activities of this enzyme can be 
identified in cross-section of human 
skeletal muscles (Figure 1). In addition 
the oxidative and glyeolytic charac
teristics can beidentified as either high 
or low by using histochemical methods 
lo identify key enzymes in the aerobic 
and glyeolytic metabolic pathways. For 
example Figure 1 shows the results of a 
histochemical analysis of a cross-sec
tion of human skeletal muscle obtained 
from the quadriceps using a percutane

ous needle biopsy technique. 
By way of illustralion one fibre has 

been identified and it can be seen to 
have a high myosin ATPase aciivity in 
the presence of alkaline condilions, a 
low myosin activity under acid condi
tions, a relatively low aciivity for the 
enzyme NADH diaphorase reflecting 
its poor oxidative capacity and a rela
tively high activity for the enzyme 
alpha-glycerophosphate dehydroge-
nase which reflects its high glyeolytic 
capacity. Therefore this particular 
fibre would be classified as being fast 
contracting, having a high glyeolytic 
capacily and fast fatiguing because of 
its low oxidative capacily. Using this 



broad and yet detailed histochemical 
approach each fibre in a cross section 
of skeletal muscle can be identified in 
lerms of its speed of contraction, ils 
oxidative and glyeolytic capacity in re
lation to ils neighbour. 

The fibre population of human 
skeletal muscles is usually described in 
conservative terms namely. Type I. 
Type Ila and Type lib. whereas the 
classification of animal skeletal muscle 
fibres includes a description of their 
speed of contraction and the metabolic 
route which provides most of their 
energy. The Type 1 fibres correspond 
to "slow twitch oxidative (SO)," 
whereas the Type lla und Type lib are 
described as "fast twitch oxidative and 
glyeolytic (FOG)" and "fast twitch 
glyeolytic (FG)" respectively. Conver
sion of the Type lib lo the more oxida
tive and fatigue resistant Type Ha 
fibres occurs with endurance training. 
However, there does not appear to be 
good evidence to suggest that Type Ila 
fibres can undergo further conversion 
to Type I fibres or that Type I fibres can 
undergo conversion to Type Ila fibres. 

The recruilmeni of these different 
populations of muscle fibres appears to 
occur in an orderly fashion with the 
small diameter, slow contracting fibres 
being actively employed during exer
cise of low inlensity and as the intensity 
increases so there is an ever increasing 
contribution from the fast contracting 
muscle fibres. This recruilmeni pattern 
has been studied in human subjects by 
histological examination of the glyco
gen content of the different fibres in 
cross sections of muscle, obtained by 
the needle biopsy technique, before 
and after exercise of different inten
sities and durations. Muscle fibres 
most frequently recruited during exer
cise would have used more of their 

glycogen stores than less aciive muscle 
fibres and this would be revealed by a 
less dense stain for glycogen in the ac
tive fibres. Using this approach to the 
question of recruitment patterns in 
human muscle during exercise, much 
new informations has become avail
able and so we now have a better un
derstanding of the phenomenon of 
fatigue. 

Nutrient stores 

The nutrients or fuels available for 
energy metabolism are broken down in 
the working muscles to provide energy 
in a usable and transferable form. This 
usable form of energy is a biochemical 
compound called '"adenosine triphos
phate" or simply ATP. The currency in 
which almosl all energy demanding ac
tivities is paid is in the form of ATP. 
During exercise the challenge to 
human metabolism is to delay, for as 
long as possible, the onset of fatigue. 
Fatigue in working muscles may be re
garded, in metabolic terms, as an ina
bility of energy metabolism to match 
the rale at which ATP is being used, by 
the rate at which it is being replaced. 
Failure lo achieve the required rates of 
ATP resynthesis leads to a slowing 
down of the activity of the muscle and 
thus the onset of fatigue. 

The nutrients necessary to replenish 
the ATP have to be derived from the 
fuel stores of the body which are pro
vided by the daily food intake. While il 
is widely recognised that the normal 
diet contains carbohydrates, fats and 
proteins, it is nol so widely known that 
the two main fuels for energy 
metabolism in working skeletal mus
cles are carbohydrates and fatly acids, 
Proteins, or more correctly the amino 
acids which constitute proteins, do 75 
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not play a major role as energy 
nutrients in a well fed man. Carbohyd
rate in the form of glycogen, which is a 
polymer of glucose, is stored mainly in 
the liver and in skeletal muscle. Liver 
glycogen appears to be mainly respon
sible for maintaining an adequate sup
ply of glucose for energy metabolism 
within thc brain and the central ner
vous System. The size of the store of 
liver glycogen depends on the nutri
tional state ofthe individual, for exam
ple in the fed stale thc adult liver, 
weighing about, 1.8kg. contains ap
proximately 90g or 550mmol of glucose 
units or more correctly glucosyl units 
(the analysis of glycogen involves hyd-
rolysing it to glucose and then deter
mining the concenlration of glucose 
formed and so the concenlration of 
glycogen is expressed as glucosyl units 
per unit weighl of tissue). After a 
number of days on a high carbohydrate 
diet the glycogen concentration can in
crease to approximately lOflOmmol 
glucosyl units, whereas after an over
night fasl, following a normal car
bohydrate intake, the liver ghcogen 
will fall lo about a third of its value in 
thc fed state (2()0mmol glucosyl units). 
The consequence of a low liver glyco
gen is often a low blood glucose con
centration or hypoglycaemia. Hypog-
lycaemic symptoms are manifest as diz
ziness, headaches and inability to fully 
concentrate on the task in hand. Dur
ing prolonged exercise blood glucose 
does contribute to energy metabolism 
in working skeletal muscles, however il 
is nol freely available as an additional 
carbohydrate store. If this were the 
case then hypoglycaemia would occur 
within minutes because of the high 
rates of carbohydrate metabolism tak
ing place in the aciive skeletal muscles. 
Insulin secretion is reduced durinti 

heavy exercise and this helps conserve 
the circulating blood glucose supply 
and so prevent an early onset of hypog
lycaemia. 

The glycogen store in skeletal mus
cles contains between 60 and 120mmol 
of glucosyl units per kg of muscle (wet 
weighl), the higher values are those for 
endurance Irained individuals who 
generally have significantly higher 
glycogen concentrations than un
trained individuals. Unlike liver glyco
gen. the glycogen store in skeletal mus
cles does nol fall after an overnight 
fast. In the liver and in the muscle, 
water is stored with the glycogen 
granules. 

It has been estimated that for every g 
of glycogen stored there is approxi
mately 3 to 4g of water bound to it and 
a number of ideas have been suggested 
as to the role that this stored water 
plays during exercise when the glyco
gen concenlration is reduced. For 
example it has been proposed Ihal the 
release of this cellular supply of water 
may help offset the dehydrating effecis 
of prolonged exercise. While this may 
be true at the cellular level, there is lit
tle evidence to suggest that it is re
flected by a reduction in the fluid in
take of individuals who have increased 
concentrations of mu.scle glycogen. 

Fat is stored in while adipose tissue 
cells as triglycerides and also in skeletal 
muscles in this form. The average adult 
male has about 15% of his body weight 
its fat whereas even the lean female has 
about 20% of her body weight as fat. 
Even the very lean, almost emaciated-
looking, male distance runners have a 
body fat content of approximately 5 lo 
10%; the very lean female distance 
runner would have about 10% of her 
body weight as fat. A relatively large 
proportion of this stored fat is available 



as a fuel during exercise and the more 
of the fatty acids used, the greater the 
sparing of the limited glycogen stores. 
Whereas glycogen is stored in associa
tion with water, fat is stored in the 
anhydrous form and so weight for 
weight it contains more energy. Fur
thermore the complete oxidative 
metabolism of one g of fat yields ap
proximately 39kJ (9.3kcals) whereas 
the oxidative metabolism of one 
gramme of carbohydrate (glucose) 
yields approximately 16.7kJ (4kcals). 
Therefore if a 7()kg man were required 
to store the glycogen equivalent of fat 
instead of fat then his body weight 
would increase by about 55kg. This ob
servation along with the knowledge 
that endurance training increases the 
capacity for fat oxidation by working 
muscles helps explain why fat rather 
than carbohydrate is the ideal fuel for 
prolonged activity whether it be for the 
endurance runner or nature's endur
ance athletes, namely migrating birds. 

The triglycerides, in adipose tissue 
and in muscle, are made up of free fatty 
acids and glycerol. Hydrolysis of the 
triglycerides results in the release of 
the free fatty acids and the glycerol in a 
ratio of approximately three to one. 
The free fatty acids are released into 
the general circulation and combine 
with albumin which acts as a carrier for 
this potential metabolic fuel. The free 
fatty acids are taken up by skeletal 
muscle and cardiac muscle and stored 
temporarily before entering the 
metabolic pathways involved in pro
ducing energy for cell function. 
Glycerol and those fatty acids not 
taken up by muscle pass into the liver 
where they are either reformed into 
triglycerides and packaged in a protein 
coat before being turned out inlo the 
general circulation, or the glycerol con

tributes lo the regeneration of liver 
glycogen by the process known as 
gluconeogenesis and the fatty acids are 
converted to ketones. The particular 
fates of glycerol and fatty acids in the 
liver depends on the nutritional status 
of the individual and this latter fate of 
these substrates occurs as a result of 
prolonged fasting or prolonged exer
cise. Whereas the mobilization of trig
lycerides inlo fatty acids and glycerol is 
entirely under the control of the hor
mones adrenaline and noradrenaline 
and the degradation of muscle glyco
gen is mainly initiated by the contrac
tile activity of the muscle. The break
down of liver glycogen to glucose is 
controlled by the hormones glucagon 
and, during high intensity exercise, by 
adrenaline. 

In addition to the two metabolic 
fuels, glycogen and fatty acids, the 
muscle has a small amount of ATP and 
a relatively small store of another high 
energy compound called Creatine 
Phosphate (CP) which is four to five 
times the size of the ATP store. The 
energy nutrients available in skeletal 
muscle are shown in Table I (on the fol
lowing page), in terms of the amount of 
ATP which they can provide. 

Metabolism 

As mentioned earlier the relative 
contributions of the two main fuels, 
carbohydrates and fatty acids, to mus
cle metabolism can be estimated from 
the respiratory exchange ratio (R), For 
example when the R value is 1.0 then 
this indicates that the individual is 
using carbohydrates almost exclusively 
as the metabolic fuel whereas when the 
R value is 0.7. then the metabolic fuel 
is entirely fatty acids. Rarely, however 
will an individual be using one fuel to 77 



Table 1: Energy Stores of Muscle (ATP Equivalents) 

.Adenosine Ir iphosphatc i.A IP) 
C:rratinr Phosphate (CPl 

Glycogen (Anaerobic I 
GKcogen i.-\erohi( I 

Iriylvccridcs i Acrof)it i 

4—,ömmnl/kg (wet weight) 
lt>-20mmol/kg (wet w^eight) 

230-300mmoi/kg (wet weight) 
.100fJ-4000mmol/kg (wet weight) 
:i,i0()-4000nimol/kg (wet weight) 

(The information in the above table was compiled and provided by the late Dr Lars Hermansen) 

the exclusion of the other. Studies on 
the energy content of various foods, 
carried out during the early part ofthis 
century, enable the energy cost of exer
cise to be estimated from a knowledge 
of the individual's oxygen uptake and 
corresponding R value. The energy 
costs of different activities can now be 
assessed simply from an analysis of 
samples of the individual's expired air 
rather than from the traditional use of 
whole body calorimeters. For example 
when the R value is 0.85 this is indica
tive that there is an equal mixture of 
carbohydrate and fatty acids contribut
ing to energy metabolism and the 
energy produced per litre of oxygen 
consumed will correspond to approxi
mately 20kjoules (4.86kcals). There
fore not only does the R value provide 
a means of estimating the relative con
tribution of carbohydrates and fatty 
acids to muscle metabolism, it also al
lows the energy cost of the activity to 
be calculated. It is important to realise, 
however, that these useful estimates 
are limited to activities which are sub-
maximal in intensity and last longer 
than five to ten minutes. During exer
cise of high intensity and short duration 
a steady-state gas exchange is not es
tablished and so the R values are no 
longer representative of the metabolic 

78 events occuring in working muscles. 

The conversion of carbohydrate and 
fatty acids into ATP by aerobic 
metabolism is the most economical use 
of these fuels. For example the oxida
tive metabolism of a unit (mmol) of 
glucose would provide 37units(mmoIs) 
of ATP whereas anaerobic metabolism 
of glucose only provides 2 and glycogen 
3 units of ATP (mmol). Fatty acids, for 
example, palmitic acid, can yield 
I30mmols ATP, however they can only 
be degraded by aerobic metabolism 
and not by anaerobic i.e., non-oxida-
tive metabolism. The advantage of an 
additional, non-oxidative pathway for 
the production of ATP is that when the 
rate of ATP utilization, by the active 
muscle fibres, cannot be provided en
tirely by aerobic metabolism then it is 
complemented by the anaerobic pro
duction of ATP, It is. however, impor
tant lo recognize that the failure of 
aerobic metabolism to cover the 
energy needs of the working muscles 
may not be the resuh of an inadequate 
supply of oxygen but the result of an in
ability ofthe muscles to use all the oxy
gen available to them. While the 
anaerobic metabolism of glycogen or 
glucose can contribute to energy pro
duction in the muscle ceils it has the 
disadvantage that this particular path
way produces lactic acid. Thus the cost 
of this rapid production of ATP is that 



the acidity within the cell increases and 
this eventually impairs the contractile 
activity of the muscle and so causes 
fatigue. 

Kxe reise 

If we now consider the metabolic re
sponses to exercise of different Inten
sities and duration we can more clearly 
appreciate the integrated responses of 
the main systems involved having 
briefly summarized their most impor
lant characteristics in the previous sec
tions. 

.\t the slart of exercise 

At the start of exercise, for example 
running, skeletal muscles are activated 
by motor nerves responding to the con
scious will to run. Those motor units 
recruited contract and the individual 
accelerates from rest to running at the 
desired speed. Once the acceleration 
phase is over fewer motor units are re
quired to maintain the momentum 
achieved during the onset of exercise. 
The full range of muscle fibre types 
may have to be recruited initially and 
thereafter the responsibility for main
taining the chosen running speed may 
be carried by the Type I or both the 
Type I and Type Ila fibre populations, 
depending, of course on the exercise 
inlensity. During the acceleration 
phase the active muscle fibres have 
their ATP regenerated by the reaction 
between adenosine diphosphate 
(ADP) and creatine phosphate, pro
ducing also creatine (Cr). The ATP 
continues the cycle releasing energy 
and phosphate ions (Pi) 

ATP—> ADP 4- Pi -H Energy 
ADP -F CP —> ATP + Cr 

The creatine phosphate reaction is 
an immediate response to the need to 
regenerate ATP rapidly. As the 
creatine phosphate concentration de
creases so there is an ever increasing 
contribution to the regeneration of 
ATP from the rapid breakdown of 
muscle glycogen 

Muscle Glycogen—> Lactate -l- 3 ATP 

This rapid rale of ATP production is 
limited by the fact that the hydrogen 
ions produced in this reaction lower the 
pH of the muscle cells and inhibits its 
own production. However the concen
tration of hydrogen ions and the 
resulting inhibition of glycogenolysis 
only occurs during exercise of the high
est intensity such as seen during short 
sprints. During the start of exercise 
of submaximal intensity, aerobic 
metabolism of glycogen occurs in 
parallel with the contribution to ATP 
production from glycogenolysis and so 
as the exercise duration increases more 
of the ATP is regenerated from the 
aerobic metabolism of glycogen and 
fatty acids. This ever increasing con
tribution from aerobic metabolism is 
seen as a gradual increase in thc indi
viduals' oxygen uptake. It takes several 
minutes for the oxygen uptake to reach 
what is called the "steady-state" even 
when the individual is performing exer
cise of a fixed intensity. During exer
cise of submaximal intensity the 
steady-state oxygen uptake represents 
the oxygen cost of the activity. A 
schematic representation of a typical 
response of an individual's oxygen up
take at the start of exercise is shown in 
Figure 2. The difference between the 
oxygen uptake of the individual al the 
beginning of exercise and the steady-
state value is called the "oxygen de
ficit" and this deficii in aerobic energy 79 



production is covered by the regenera
tion of ATP by the creatine phosphate 
reaciion and glycogenolysis. As exer
cise continues the laclale formed at the 
onset of exercise has a number of fates, 
it is oxidised as a fuel by cardiac muscle 
and aerobic Type I skeletal muscle 
fibres and it is taken up the liver and 
converted to liver glycogen by the pro
cess called glyconeogenesis. 

Prolonged low intensity 
exercise 

Prolonged low intensity exercise 
such as ihat undertaken by the ultra-
distance runners or long distance wal
kers demands approximately 40-60% 
VO.max and under these conditions 
the Type I or SO fibres are recruited 
and bear the main responsibihty for 
locomotion. Energy production is al
most entirely from the aerobic 
metabolism of fatty acids and glyco
gen. As exercise continues over several 
hours there will also be an increasing 
contribution from blood glucose to car
bohydrate metabolism within the 
working muscles. At these relatively 
low exercise intensities it is possible to 
supplement the energy stores by eating 
easy to digest carbohydrates, and al
though duration may be extended it 
does not seem possible to offset the de
crease in muscle glycogen concentra
tions. Therefore the limited supply of 
muscle glycogen. even though it is used 
economically by aerobic metabolism, 
will gradually become depleted. The 
Type I and then the Type Ila fibres will 
suffer the loss of glycogen and even 
though fatty acids will be providing 60-
70% of the energy, they will be unable 
to maintain the desired rate of contrac

tile activity. Fatigue which occurs after 
six to eight hours of this type of activity 
is the result of a reduced muscle and 
liver glycogen and is frequently accom
panied by low blood glucose concen
trations and hypoglycaemic symptoms. 

Prolonged high intensity 
exercise 

An example of prolonged high inten
sity exercise would be marathon run
ning during which recreational runners 
use approximately 60-70% of their 
VO^max values whereas the ehte run
ners use between 75-80% of their 
VO,max values. Under these condi
tions the Type I and Type Ila muscle 
fibres are recruited from the start of the 
race. At these exercise intensities mus
cle glycogen is used at a much faster 
rate than occurs at lower exercise in
tensities. Most of this information has 
been obtained from a knowledge of the 
oxygen uptake and the R values of indi
viduals taking part in laboratory 
studies on endurance performance. 
For example during a three hour 
marathon, which was run on a labora
tory treadmill, the runner used bet
ween 70% and 75% of his VO,max and 
had an average R value of 0.92 indicat
ing that approximately 70% of the 
energy was contributed from the 
metabolism of carbohydrate and 30% 
from fat metabolism. The total energy 
cost of this marathon was 1I.33MJ 
which is almost equivalent to the run
ner's daily intake (refer lo the chapter 
on Dielary Planning for Performance 
for further information*). A closer 
examination of the results of this 
laboratory marathon shows that during 
the first hour of the run the relative 

80 (•) NSA 1:1987, p. 73-85, 



contributions of carbohydrate and fat 
t(i metabolism were 857,. and 15% re
spectively, whereas after the second 
hour the contributions were 71% and 
29%> and for the last hour they were 
62% and 38%. The estimated total 
contribution from carbohydrate and 
fat metabolism over the three hours 
was 497g or 3070mmol glucosyl units 
and 82g of fat or approximately 
321mmol (based on the molecular 
weight of palmitic acid) respectivelv-

Muscle biopsy samples from the gas-
trocnemii of runners at the end of a 
marathon lasting three hours has 
shown that the rate of glycogen utilisa
tion in this very active muscle appears 
to be of the order of 0.9mmol/kg/niin. 
Therefore by combining the above in
formation and assuming that the 
majority of the liver glycogen store 
contributed to carbohydrate meta
bolism (this amounts to approximately 
500mmol glucosyl units) then the run
ner would have employed approxi
mately 15kg of muscle which is about 
one half of the runner's muscle mass. 
During prolonged cycling at the same 
exercise intensity lower muscle glyco
gen concentrations have been reported 
at exhaustion than have been reported 
for prolonged running and as a result 
some doubt has been cast on muscle 
glycogen depletion as the principal 
cause of fafigue. However a runner can 
and does modify his gait as he becomes 
fatigued and in so doing he is able to 
distribute the load over a slightly larger 
muscle mass whereas the cyclist does 
not have this option. 

Exercise demanding between 90% 
and 100% VO.max can only be toler
ated for a relatively short period of 
time, for example between 15 and 5 mi
nutes respectively. Under these condi
tions all three populations of muscle 

fibres are recruited. The rate of glyco
gen utilization has been calculated as 
being between 2 and 3mmol/kg/min 
and although the rate of glycogen utili
zation is very rapid, fatigue does not 
occur as a result of glycogen depletion. 
Fatigue is more closely associated with 
the accumulation of hydrogen ions as a 
consequence of the high rates of lactate 
formation. 

Exercise of maximal intensity 

High intensity exercise which de
mands a maximal effort is usually of re-
larively brief duration, for example be
tween six and thirty seconds. Under 
these conditions up to 75% of an indi
vidual's muscle mass may be recruited 
and only a minor proportion of the 
ATP is regenerated by oxidative 
metabolism. At the onset of exercise 
there is a rapid rate of ATP utilization 
and in an attempt to try lo match this 
high rate of use, ATP is resynlhesized 
by the contribution of CP to ADP and 
from the anaerobic degradation of 
muscle glycogen. Even after only six 
seconds of maximal exercise a third of 
the CP store is used up and about 
9mmol/kg of glycogen. which corres
ponds to a maximum glycogen degra
dation rate of 90mmol/kg/min, The 
high power out-puts demanding these 
metabolic responses cannot be sus
tained for more than this brief period 
of time. Fatigue, seen as a decrease in 
power-output, is evident after the first 
few seconds of maximum exercise and 
at the end of thirty seconds Creatine 
Phosphate concentrations are reduced 
by 70%, whereas muscle lactate con
centrations increase about ten times 
above the pre-exercise values. This 
dramatic increase in muscle lactate 
concentration and its associated hydro-
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Figure 2 - This is a schematic illustration of the increase in iiwgen uptake at the unset of exercise. Il is 
based on information obtained from an individual running at a speed corresponding lo approximately 
70% V'0,max (VO.max: 55ml/kg/min). The "sleady-.stale ox>gen uptake'' isonly achieved afier 5-6 mi
nutes of running, even during sub-maximal exercise, Iherefore the ability to cover Ihe "oxygen deficit" is 
obviously essential 
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gen ions will have a negative feed-back 
effect on further glycogenolysis. This is 
reflected in the observation that the 
maximum rate of glycogen degradation 
is achieved only during the first lew 
seconds of maximal exercise. Thus this 
rapid rate of lactate formation appears 
to exert a certain ainount of self-con
trol to prevent the hydrogen ion ctjn-
centration from accumulating to exces
sive values and so causing irreversible 
damage to the muscle cells. 

All three populafions of muscle 
fibres are recruited and the Type lib 
fibres, which derive most of their 
energy from anaerobic metabolism, or 
more correctly anaerobic glycoge
nolysis, appears to fatigue earlier than 
the other two populafions. presumably 
as a result of a greater rate of lactate 
formation and hydrogen ion accumula
tion in this particular population of 
fibres. 

Recovery from exercise 

At the end ofexercise oxygen uptake 
does not return immedialely to pre-
exercise levels but remains elevated, 
albeit in a small way. for a number of 
hours. Therefore in calculating the 
oxygen cost of an activity, the post 
exercise oxygen uptake should also be 
included. Following high intensity 
exercise the exponential decrease in 
oxygen upiake appears to have a fast 
and a slow component, whereas after 
exercise of lower intensity the expo
nential decrease in oxygen uptake ap
pears lo have only one component. 
This post exercise oxygen uptake has 
been called the "oxygen debt". The 
term was coined by A.V. Hill in the 
1920's and has generally been known as 
such for the last sixty years in spite of 
many serious challenges to the concept 
implied by this term. 



As the term suggests, the post exer
cise oxygen uptake represents thc dif
ference between the oxygen uptake 
during the activity and the total energy 
cost of ihat activity. During high inten
sity exercise the energy demands of the 
activity cannot be covered by aerobic 
metabolism alone and so anaerobic 
metabolism covers the difference. The 
biochemical manifestation of the con
tribution of anaerobic metabolism, to 
energy expenditure, is the accumula
tion of blood laclic acid. Removal of 
this lactic acid during the recovery 
period was proposed as the main 
reason for the elevated post exercise 
oxygen consumption. Hill proposed 
that up to four-fifths of the lactate 
formed during exercise was converted 
back to glycogen during the immediate 
post-exercise period and the excess or 
recovery oxygen uptake was responsi
ble for providing thc energy for this 
process which is called glyconcti-
genesis. The rapid component of tho 
recovery oxygen uptake phenomenon 
was thought to involve the resynthesis 
of the creatine phosphate stores and 
was therefore "alactic" whereas the 
slow component was thought to be as
sociated with the conversion of lactate 
back to glycogen. There is. however, 
sufficient evidence to suggest alterna
tive explanations for the post exercise 
oxygen uptake phenomenon but it is 
beyond the scope of this presentation 
to undertake an examination of this 
evidence und its interpretation. 

In parallel with the delayed return of 
oxygen uptake to pre-exercise levels 
there i s a n initial rapid increase in 
glycogen resynthesis. The itntnediate 
post-exercise synthesis of glycogen is 
stimulated by (a) an increased activity 
of the enzyme glycogen synthetase, (b) 
the exercise-induced permeability of 

muscle cell membranes to glucose and 
(c) the increase in plasma msulin con
centrations. An increase in dietary car
bohydrate intake during the recovery 
period will obviously enhance the re
synthesis of muscle glycogen. The clas
sic studies of Bergstrom and Hultman 
in the eariy sixties demonstrated that 
the muscle glycogen resynthesis fol
lowing exercise occurs at a more rapid 
rate than it does in skeletal muscle 
which has not been exercised to 
exhaustion. Furthermore the concent
ration of glycogen in skeletal muscle in 
which exercise-induced glycogen de
pletion has occurred reaches levels 
which are significantly higher than pre-
exercise glycogen concentrations. Rec
ognising the importance of muscle 
glycogen as the limiting fuel during 
prolonged exercise athletes, preparing 
for endurance competitions, have at
tempted to use the phenomenon of 
glycogen supercompensation. Various 
exercise and dielary manipulations 
have been recommended in attempts 
to achieve glycogen super-compensa
tion. The most well known procedure 
for achieving super-compensation in
volves undertaking prolonged exercise 
abtiut a week before competition 
which is followed by three days on a 
low carbohydrate diet and three days 
on a high carbohydrate diet. The days 
on the low carbohydrate diet are in
cluded to increase the activities of the 
enzymes responsible for promoting 
glycogen resynthesis. however this 
period withoul a sufficient intake of 
carbohydrate is difficult to tolerate 
both physically and psychologically in 
the week before an importanl competi
tion, Alternative approaches have 
therefore been explored for achieving 
the replenishment of glycogen stores, 
reduced during the normal demands of 

83 



daily iraining sessions, prior to com
petition. What appears to be most im
portanl is that ihe athlele reduces the 
amount of Iraining undertaken during 
the three days leading lo the competi
tion and increases the amount of car
bohydrate eaten al each meal. Failure 
lo consume a diet rich in carbohydrate 
following training sessions or in the 
lead up to competition will result in an 
incomplete restoration of the glycogen 
stores and this will be the main cause of 
an early onset of fatigue. Furthermore 
the incomplete restoration of muscle 
glycogen stores between iraining ses
sions reveals itself in the inability to to
lerate further training sessions and the 
general feelingsof tiredness which may 
be described as "residual fatigue". It is 
during these times of incomplete re

covery from training or compelilion 
that an alhlete or sportsman appears 
most vulnerable to over-use injuries 
and general viral infections. Adequate 
rest, following training sessions, and a 
high carbohydrate diet for individuals 
involved in the multiple sprint sports as 
well as those involved in the endurance 
sports appears to be a sound prescrip
tion for those individuals suffering 
from the general malaise of residual 
faligue. 

Therefore any training programme 
which is designed to itnprove the per
formance of an individual or individu
als which excludes a consideration of 
their nutritional requiremenis is in
complete and will fall short of its objec
tive. 
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