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Abstract

Physical exercise affects the equilibrium of the internal environment.
During exercise the contracting muscles generate force or power and heat. So
physical exercise is in fact a form of mechanical energy. This generated energy
will deplete the energy stocks within the body. During exercise, metabolites
and heat are generated, which affect the steady state of the internal environ-
ment. Depending on the form of exercise, sooner or later sensations of fatigue
and exhaustion will occur. The physiological role of these sensations is
protection of the exercising subject from the deleterious effects of exercise.
Because of these sensations the subject will adapt his or her exercise strategy.
The relationship between physical exercise and fatigue has been the scope of
interest of many researchers for more than a century and is very complex.

The exercise intensity, exercise endurance time and type of exercise are all
variables that cause different effects within the body systems, which in turn
create different types of sensation within the subject’s mind during the exercise.

Physical exercise affects the biochemical equilibrium within the exercising
muscle cells. Among others, inorganic phosphate, protons, lactate and free
Mg?* accumulate within these cells. They directly affect the mechanical ma-
chinery of the muscle cell. Furthermore, they negatively affect the different
muscle cell organelles that are involved in the transmission of neuronal signals.

The muscle metabolites produced and the generated heat of muscle con-
traction are released into the internal environment, putting stress on its steady
state. The tremendous increase in muscle metabolism compared with rest
conditions induces an immense increase in muscle blood supply, causing an
increase in the blood circulatory system and gas exchange. Nutrients have to
be supplied to the exercising muscle, emptying the energy stocks elsewhere in
body. Furthermore, the contracting muscle fibres release cytokines, which in
their turn create many effects in other organs, including the brain. All these
different mechanisms sooner or later create sensations of fatigue and ex-
haustion in the mind of the exercising subject. The final effect is a reduction or
complete cessation of the exercise.

Many diseases speed up the depletion of the energy stocks within the body.
So diseases amplify the effect of energy stock depletion that accompanies
exercise. In addition, many diseases produce a change of mind-set before
exercise. These changes of mind-set can create sensations of fatigue and
exercise-avoiding behaviour at the onset of an exercise. One might consider
these sensations during disease as a feed-forward mechanism to protect the
subject from an excessive depletion of their energy stocks, to enhance the
survival of the individual during disease.

For more than a century, exercise-induced
fatigue and exhaustion have been an area of in-
terest for many physiologists. A comprehensive
review, including history, is given by Gandevia.[!]
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Although most exercise-related studies focus on
the neuromuscular system, in fact all organs are
involved. Not only the neuromuscular system but
other organs also react to the individual’s exercise
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capacity. It is well known that this exercise ca-
pacity is reduced during illness. Chronic illness,
such as end-stage renal failure, has an immense
impact on exercise capacity.

Fatigue caused by exercise is a common sen-
sation, which everybody has experienced. During
exercise the workload may create such an intense
sensation that one has to reduce the workload or
even stop the exercise. Any physical exercise is an
energy-consuming activity, which will sooner or
later empty the energy stocks within our body.
An unlimited consumption of these stocks with-
out re-supply would have deleterious effects on
our physical health. Therefore, the sensations of
fatigue and exhaustion are most likely essential
for maintaining our physical integrity. The sen-
sations of fatigue and exhaustion represent psy-
chological entities, which will sooner or later
introduce changes in behaviour. The accom-
panying physical and biochemical changes during
exercise are physiological entities. The phenom-
ena of fatigue and exhaustion during exercise are
fields of interest of different scientific disciplines,
especially physiology and psychology.

The physical and biochemical changes during
exercise are physiological effects. In exercise
physiology these effects are defined as ‘fatigue’,
and can be monitored objectively. However,
‘fatigue’ is also a psychological entity, which re-
presents a subjective and mental variable. Besides
fatigue, ‘exhaustion’ is another psychological
entity that is related to physical exercise. Despite
the constant motor output during exercise, the
‘sense of effort’ may increase gradually.”l Some-
times this sense of effort can be so intense that it
topples one’s willpower to maintain the motor
output and forces the subject to reduce or even
stop his/her workload. In this article, this mo-
ment is defined as ‘exhaustion’. This is in contrast
to the definition stated during the CIBA Foun-
dation Symposium 82 of 1981 (Chairman RHT
Edwards),[! where ‘fatigue’ was defined as the
moment when a subject is unable to maintain the
required muscle contraction or performed work-
load. In this article ‘exhaustion’ has the same
quality as the definition of ‘fatigue’ given at the
CIBA Symposium. The ‘sense of effort” is not
the same as the ‘sense of perceived exertion’. The
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sense of perceived exertion reflects more or less
all the subjective sensations accompanied during
an exercise performance. Borg!* has introduced a
psychophysical ratio scale for perceived exertion.

In exercise, the performed motor output can
be measured. Motor output is the mechanical
output produced by the contractile properties of
the skeletal muscle, which can be measured ob-
jectively as contraction force (in newtons [N]) or
as power (in watts [W]). In this article the neu-
ronal output of the motor cortex is defined as
motor drive. The motor drive of the motor cortex
is the final result of many centres in the CNS,
which act on the motor cortex. These centres are
situated in the cerebral cortex, in subcortical
nuclei and in nuclei situated in the brain stem.
The CNS and the motor units together form the
neuromuscular system. For a proper functioning
of this system, it is embedded in the internal en-
vironment, which has a physical and chemical
equilibrium. This equilibrium, the steady state of
the internal environment, is maintained by the
other organs. Exercise affects the neuromuscular
system as well as the internal environment at
many levels. Exercise is accompanied by psycho-
logical phenomena. Different types of exercise
create different kinds of sensations. Furthermore,
disease alters the exercise capacity. All these
different aspects of exercise are reviewed in this
article. A synopsis of the different causes is shown
in table I.

1. Physiological Aspects of Exercise

1.1 Effects of Exercise on the Motor Unit

1.1.1 Biomechanical Consequences of the

Accumulation of Metabolites within Muscle Fibres

The energy source for the contraction of
muscle fibres (muscle cells) is adenosine tripho-
sphate (ATP).[>% In the muscle cell, the major
pathways for ATP production include:[

1. A rapid production of ATP from sarcoplas-
mic stores of creatine phosphate.

2. A somewhat slower production using anaero-
bic glycolysis. The enzymes and fuel (i.e.
glycogen) for these reactions are located in
the sarcoplasm.

Sports Med 2009; 39 (5)
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Table 1. Overview of possible sites of exercise-associated fatigue

I. Peripheral fatigue
A. Exercise-related changes in the internal environment

During exercise workloads above the point of increased blood lactate accumulation (OBLA), changes in the internal environment (blood,
extracellular fluid) include:

1. Accumulation of lactate and hydrogen ions (protons). The accumulation of hydrogen ions is partly buffered such that there is an increased
liberation of carbon dioxide from bicarbonate. As a result, the respiratory quotient will increase

2. Accumulation of ammonia
3. Accumulation of heat, leading to increased sweat secretion. The loss of water may lead to dehydration
B. Exercise-related changes within muscle fibres

1. Accumulation of P; (inorganic phosphate) in the sarcoplasm, causing a decrease in contractile force due to an inhibition of cross-bridge
interactions

2. Accumulation of H* ions in the sarcoplasm, also causing a decrease in contractile force due to an inhibition of cross-bridge interactions. In
addition, the accumulation of H* ions may cause a depression in calcium re-uptake in the sarcoplasmic reticulum. This might be the main cause
for the lengthened relaxation time after fatiguing contractions

3. Accumulation of Mg?* ions in the sarcoplasm. Mg?* counteracts the Ca2* release from the sarcoplasmic reticulum

4. Inhibition of the Ca?* release of the sarcoplasmatic reticulum by accumulation of P; (see point 1). The Ca?* release is inhibited by
precipitation of calcium phosphate within the lumen of the sarcoplasmatic reticulum and by phosphorylation of the Ca* release channels

5. Decline of glycogen stores and (in extreme cases) decline of blood glucose levels. Even a short-lasting decline of blood glucose might
seriously interfere with CNS functions. A depletion of the glycogen stores leads, in a manner not well understood, to increased muscle fatigue
6. Decreased conduction velocity of action potentials along the sarcolemma, probably as a result of exercise-associated biochemical changes
in and around the muscle fibres. The drop in conduction velocity is reflected in the EMG (change of frequency content) but has no known
immediate effect on the muscular force production

7. Increased efflux of potassium ions (K*) from muscle fibres. The increase in potassium in the lumen of the t-tubuli may lead to a block of the
tubular action potential and, hence, less force due to a depression of excitation-contraction coupling

8. Neuromuscular synaptic transmission may become blocked; however, this seems to be a factor mainly of importance in disease
(myasthenia gravis)

Il. Central fatigue

1. The conduction of axonal action potentials may become blocked at axonal branching sites, leading to a loss of muscle fibre activation. The
relative importance of this factor is unknown

2. The motor neuronal drive might be influenced by reflex effects from muscle afferents. Thus, central fatigue effects might, to some extent, be
compensated for by mechanoreceptor reflexes (types IA and Il from muscle spindles; type IB from Golgi tendon organs)

3. Stimulation of type lll and IV nerves (chemo- and nociceptive afferents) induces a decrease in motor neuron firing rate and an inhibition of the
motor cortex output

4. The excitability of cells within the cerebral motor cortex might change during the course of maintained motor tasks, as suggested by
measurements using transcranial magnetic stimulation

5. The synaptic effects of serotoninergic neurons might become enhanced, causing an increased sense of tiredness and ‘fatigue’. This may
occur as a result of an increased influx into the brain of the serotonin precursor tryptophan. During prolonged exercise, such an increased influx
of tryptophan may result from an exercise-evoked decrease in the blood concentration of BCAAs

6. Exercise-induced release of cytokines. IL-6 induces sensations of fatigue and IL-1 induces sickness behaviour in animals. In many diseases
the production of these cytokines is enhanced

BCAAS =branched-chain amino acids; EMG = electromyograph; IL =interleukin; OBLA =onset of blood lactate accumulation; P;=inorganic
phosphate.

3. A slower but very effective production of
ATP using aerobic pathways for glycolysis
and fat metabolism by the mitochondria.
Independent of which pathway is dominating,

muscle contractions will always be associated

with an increase in adenosine diphosphate (ADP)

and inorganic phosphate (P;) production (e.g.

from the cross-bridge cycle itself). During intense
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contractions, the accumulation of P; can even be
measured in vivo using nuclear magnetic re-
sonance (NMR) spectroscopy.’'% In addition,
anaerobic glycolysis leads to an increased pro-
duction of hydrogen ions (H*) and a measurable
decrease of intra- and extracellular pH. The
concentration of these three metabolites (ADP, P;
and H*) will be particularly increased in

Sports Med 2009; 39 (5)
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contractions of high force and power, and they all
have direct effects on the efficiency of the cross-
bridge interactions. The efficiency of the cross-
bridge interaction is estimated by two factors:
(1) the duration of attachment and detachment of
the actin and myosin filaments during the cross-
bridge cycle; and (ii) the speed of the cross-bridge
cycle (see figure 1). The rate-limiting step in the
cross-bridge cycle is the release of P;, which is the
step from A-M-ADP-P; to A-M-ADP.['2l An
increase in [H*] reduces isometric contraction
forcel3l and decreases the period of filament at-
tachment.['¥ Perhaps, an increase in [H*] en-
hances the binding of ATP to the actin-myosin
complex during the attachment phase of the
cross-bridge cycle, which in turn speeds up the
uncoupling of the actin and myosin filaments.[!]
Cooke et al.l' found a decrease in contraction
velocity during increasing concentrations of [H*].
In her review, Myburgh!!” debates to what extent
this decrease in contraction velocity is caused by
the low temperature (10°C) in which these ex-
periments were performed. Westerblad et al.l'®!
found no decrease in contraction velocity at
temperatures of 30°C. Normally, skeletal muscle
temperature is above 30°C. Therefore, a drop in
intramuscular pH during exercise has most likely
no effect on contraction velocity under normal
physiological circumstances. An increase in
[ADP] slows down the period of attachment, but
increases the isometric tension.!'®-2%1 Accumula-
tion of inorganic phosphate depresses isometric
contraction forcel?"??l and decreases myofila-
ment ATPase turnover.?® During isokinetic
contraction experiments, an increase in [P;] also
induces a decrease in the myofilament ATPase
turnover.?4l Figure 1 provides a schematic out-
line of the cross-bridge cycle. In fact, the increase
in concentrations of P; and H* gives a reduction
of the force-producing capability of the fila-
ments. In turn, the increase in ADP concentra-
tion increases force production and also reduces
cross-bridge cycle velocity.

1.1.2 Depletion of Glycogen Stores in Muscles

Exercise intensities below the point of onset of
blood lactate accumulation (OBLA) can be
maintained for long periods (see section 1.2). The
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limiting factor for these endurance exercises is the
availability of glucose.[>>2 The concentration of
blood glucose is maintained at constant levels
and is regulated by the interaction of many hor-
mones.?” Glucose uptake by exercising muscles
is mediated by glucose transporters.l?® Nitric
oxide (NO) plays a role in the uptake of glucose
by exercising muscles. Muscle cells contain
NO-synthetase.?’ Most likely, NO-synthetase is

Effects of [4]:
P4 —>» Fy v=
ADP4 —>» F4 vy

H*4 — Fy v=

Filament detachment period

Filament
displacement

Filament attachment period

Fig. 1. Model of the cross-bridge cycle according to Cooke.[''] The
effect changes in concentration of H*, adenosine diphosphate (ADP)
and P; during the cross-bridge cycle is shown schematically. The box
at the right side of the figure shows the effects of these changes in
concentration. A=actin; A-M=the actin-myosin complex; A-M-
ADP =the actin-myosin-ADP complex; A-M-ADP~Pi = actin-myosin-
ADP~P; complex (~P; is the energy rich chemical bonding used
during the filament displacement); A-M-ATP =the actin-myosin-ATP
complex; F=force generated by the filaments; M=myosin; M-ADP-
Pi=myosin-ADP-P; complex after ATP hydrolysis; M-ATP =myosin-
ATP complex; P;=inorganic phosphate; v =cross-bridge cycle velo-
city; T/4 indicates increase/decrease in concentration. The fat
arrow indicates the displacement of the actin-myosin filaments,
which is the power-generating period of the cross-bridge.

Sports Med 2009; 39 (5)
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activated by the calcium increase in the sarco-
plasm during muscle contraction. The effect is
that the contracting muscle releases NO, which
increases the activity of the glucose transporter,
resulting in an increase in glucose uptake. It has
been demonstrated that administration of local
NO synthetase blockers decreases glucose uptake
by the exercising muscles.[3"

During endurance exercise, the intracellular
glycogen stores decrease little by little and the
muscle tissue gradually increases its consumption
of blood glucose. Finally, the availability of glu-
cose is smaller than the glucose consumption and
the concentration of blood glucose may even de-
crease.l?’l This usually occurs at 1-2 hours after
the onset of exercise: in marathon running this
occurs after about 30 km, and the athlete experi-
ences this as ‘the hitting of a wall’. The trigger for
these sensations may be a direct reaction of the
brain to the decreased concentration of blood
glucose; brain tissue needs a minimum amount of
continuous glucose supply for normal func-
tion.B! Athletes try to avoid the decrease in
blood glucose by consuming glucose-containing
drinks during the race.[3?

1.1.3 The Effect of Exercise on Muscle Membrane
Structures: Excitation-Contraction Coupling

Cross-bridge interactions and force produc-
tion are started as a result of a sequence of events
leading to the release of calcium ions from the
sarcoplasmic reticulum (SR). This sequence of
events is referred to as the ‘excitation-contraction
coupling’ (EC-coupling). A decreased efficiency
or block of EC-coupling will lead to a decrease or
disappearance of contractile force. Such changes
play an important role in muscle fibre fatigue and
associated phenomena.

The sarcolemmal action potentials of many
simultaneously active muscle fibres can be re-
corded with extracellular electrodes on or in a
muscle, i.e. using electromyographic (EMG)
techniques. The amplitude of sarcolemmal action
potentials (and of the EMG) may decrease during
prolonged activation,[33-331 perhaps partly as a
result of changes in the transmembrane electro-
lyte concentrations (efflux of potassium, influx of
sodium).%" Another commonly seen effect of
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intense activity is a decrease in the propagation
velocity of the action potentials along the sarco-
lemmae.[37-381 As a result, the frequency spectrum
of the EMG shifts to lower frequencies, a change
that has often been interpreted as a sign of muscle
fatigue.’®l Our investigations support this opi-
nion. During a treadmill exercise load of 18 W/kg
bodyweight and an endurance time ranging from
31 to 162 seconds (far above the maximum oxygen
uptake [VO,,,..], see also figure 4) we found a
decrease in the EMG frequency spectrum. !
However, at a workload of 12.4 W/kg bodyweight
and during a cycle ergometer exercise above the
lactate threshold we found no change.[*!4? These
findings suggest that during dynamic exercise,
local changes within the muscle cell occur only at
supramaximal workloads far above the VO, ..
At these supramaximal workloads, ATP turnover
might be so intense that accumulation of muscle
metabolites within the cell could occur during the
exercise. The frequency content of the EMG also
depends on other factors, such as the degree of
synchronization of the various muscle fibre ac-
tion potentials.[*34 The EMG, especially the
integrated EM G, might increase during sustained
intermittent exercise at submaximal isometric
contraction force.*>#71 Two mechanisms could
contribute to this increase in the EMG: (i) an in-
crease in the motor neuron discharge fre-
quency;[#®471 and (ii) the increase in the pool of
recruited motor neurons.*!

Changes in transmembrane electrolyte con-
centration are particularly prone to appear along
the very thin t-tubuli and, as a result, action po-
tential propagation along these tubuli seems to
become gradually more blocked during intense
activity,*8%1 leading to an inhibition of muscle
fibre activation. It is not known to what extent
the accumulation of muscle metabolites (ADP,
P;, H*) affects the activity of the ion pumps of the
sarcolemma, which in turn can affect action po-
tential propagation alongside the sarcolemma.

In fatigued muscles, the speed of force relaxa-
tion at the end of a contraction is typically slowed
down (increased relaxation timel®”), probably
largely as a result of a decreased rate of Ca®*
transport back into the SR. Such an inhibition
of the SR Ca?* pump might be caused by the

Sports Med 2009; 39 (5)
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increased concentration of H* ions (decreased
pH) that occurs during intense muscle activity.
Subjects with a myophosphorylase deficiency
(McArdle’s disease) are unable to break down
muscle glycogen and they hardly develop
any decrease in pH during muscle activity.[’!-33
Cady et al.’* demonstrated that their relaxation
time was also less affected than that of normal
subjects.

Mg?* ions play an important role in the func-
tioning of the SR. During muscle activation, an
increased Mg?* concentration in the sarcoplasm
reduces the Ca®* fluxes across the membrane of
the SR.[3361 Westerblad and Allen®”1 demon-
strated increased intracellular Mg>* concentra-
tions during exercise and concluded that this
might cause a decrease in muscle force. During
activity, the concentration of free Mg?* in the
sarcoplasm increases, partly because Mg?* ions
are bound to the ATP molecules and to voltage
sensors of the SR. Activation of these voltage
sensors removes the Mg?* ion and opens the Ca*
channel [53->¢]

During repeated tetanic stimulation, sarco-
plasmatic (or myoplasm) Ca>* concentration in
the active skeletal muscle fibres increases within
the first and decreases in the last period of sti-
mulation. The maximum obtained Ca>" con-
centrations are 1-2pmol/L.[*>-38 In fast-twitch
(type II) muscle fibres this mechanism evolves
faster than in slow-twitch (type 1) fibres. The
contraction force of these stimulated fibres shows
a small decrease within the first period of tetanic
stimulation,*>! which is caused by the increase of
the sarcoplasmatic P; concentration, which di-
rectly affects the cross-bridge interaction of the
myofilaments (see section 1.1.1). Sarcoplasmatic
P; concentrations can increase from 1-5mmol/L
during rest conditions to 30—40 mmol/L during
intense contraction.l®®! The drop of muscle fibre
contraction force at the end stage of the stimula-
tion period is caused by an impaired Ca>* release
by the SR. One reason for this impaired Ca?* re-
lease is the decline of the amplitude of the action
potential across the sarcolemma. Another reason
could be the effect of the relatively high sarco-
plasmatic P; concentration, which has two
effects at the SR Ca?* release. The first effect is
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precipitation of calcium phosphate in the lumen
of the SR. Through high sarcoplasmatic con-
centrations, P; enters the lumen of the SR by a
passive process via the chloride channels.’® The
Ca?* concentration within the lumen of the SR is
estimated at 1 mmol/L.8 The solubility product
of Ca(HPQ,) is about 107-107%, and the solubi-
lity of Ca(H,PQ,), is a larger by a factor of 60.1>%
So most likely Ca(HPO,) precipitates inside the
lumen of the sarcoplasmatic reticulum, reducing
the concentration of free Ca?*, which in turn
reduces the Ca?* concentration gradient between
the lumen of the SR and the sarcoplasm. The
other effect of the high sarcoplasmatic P; con-
centration is phosphorylation of the Ca?* release
channels of the SR. These Ca* release channels
are very large and complex polypeptide structures
containing four tetramers, each of about 565
kDa.l The phosphorylation of these Ca>*
channels inhibits the SR Ca?* release.[*>-¢1] The
increase of sarcoplasmatic Mg?* during ex-
ercisel®’l enhances the effect of P; inhibition.*!
The final effect of the sarcoplasmatic increase of
P; concentration during persistent contraction is a
drop in Ca?* efflux by the SR. In vitro experiments
suggest that caffeine releases this inhibition.[®]

The ion shifts across the sarcolemma during
exercise have consequences for the internal en-
vironment.[®?l Action potentials (APs) are asso-
ciated with the efflux of potassium and the influx
of sodium. Sjegaard et al.l®}l found a net loss
of 20mmol potassium from maximally exer-
cising muscles during a one-leg knee extension
exercise. They estimated the mass of the con-
tracting muscle at about 2.5kg. After the exer-
cise, they measured potassium concentrations up
to 6.0-6.5mmol/L in the femoral vein and up to
5.0-5.5mmol/L in the femoral artery (normal
values at rest 3.6 up to 4.8 mmol/L). During gra-
ded treadmill exercise until exhaustion, Busse and
Maassen(®¥ found final arterial potassium levels
of 5.5-6.0 mmol/L. After 1 minute of running ata
maximal speed, Medbo and Sejersted(® observed
potassium concentrations exceeding 7 mmol/L in
the femoral artery.

Some viral infections are accompanied by
myocarditis.[°®%7] In most cases these viral forms
of myocarditis are asymptomatic.[® During the

Sports Med 2009; 39 (5)
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influenza epidemic of 1957, Gibson et al.l8]
showed that these infections can induce ECG
changes. Of the 87 male students in the study who
were infected by the influenza virus, five students
showed ECG changes during illness and six dur-
ing recovery. The ECGs of these infected students
showed changes in T-wave and ST-segment ele-
vations in the precordial leads. Based on these
observations, one should take care with perform-
ing vigorous exercise during a common cold, be-
cause the sudden increases in plasma potassium
during exercise might trigger unexpected cardiac
pathology. In our exercise studies, volunteers who
had symptoms of a common cold within 7 days
prior to the study were excluded.

1.1.4 The Neuromuscular Junction and the

Peripheral Nerve

The neuromuscular synapse has been the
subject of many investigations in the context of
peripheral fatigue (for a definition of peripheral
fatigue, see section 1.3.2). The results of these
investigations are somewhat inconsistent. Several
authors found a decrease in the amount of re-
leased acetylcholine from the presynaptic nerve
terminal during repetitive nerve stimulation.[6%:70]
Others observed signs of postsynaptic desensiti-
zation at the motor end-plate.”'1 However, such
changes do not mean that the transmission from
nerve endings to muscle fibres becomes blocked;
the respective postsynaptic potential (the end-
plate potential) normally has an amplitude lar-
gely exceeding the amplitude needed for eliciting
a postsynaptic action potential. Bigland-Ritchie
et al.’? concluded that despite intense voluntary
activation, the propagation of the action poten-
tial across the motor end-plate (from nerve
terminal to muscle) remained unaffected. During
voluntary activity, the only well described failures
of transmission across the neuromuscular junc-
tion are seen during curarization and in the dis-
ease myasthenia gravis.

In adult muscles, each skeletal muscle fibre
receives innervation from only one o motor
neuron, whereas each motor neuron makes con-
tact with several muscle fibres. The mean number
of muscle fibres per motor neuron (the ‘innerva-
tion ratio’) is about 10 for the small extraocular
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muscles, about 100 for intrinsic muscles of the
hand, and up to about 2000 for large leg muscles
like gastrocnemius.[”31 The higher the innervation
ratio, the greater the number of axonal branch
points of a motor unit. The axonal branch points
are thought to be particularly susceptible to
propagation failure of the axonal action poten-
tial.[473] However, the role of axonal propaga-
tion failure in muscle fatigue is still unclear.

1. 1.5 Differentiation of Muscle Fibre and Motor Unit
Properties

Practically all muscles contain fibres and mo-
tor units of widely varying biochemical and phy-
siological properties.[’®771 Physiological studies
of motor units have shown that, within a single
muscle, they typically vary greatly in their con-
tractile speed, maximum force and resistance to
fatigue. Furthermore, these various properties
are co-varying, such that the slowest units tend to
be fatigue resistant (type I fibres) and weak and
the strongest ones are fast but relatively sensitive
to fatigue (type II fibres). The differences in fati-
gue resistance are partly associated with differ-
ences in the ‘vulnerability’ of the EC-coupling.

The biochemical properties of the myofila-
ment ATPase activity are different between type I
and II fibres. Several myosin subtypes can be
distinguished.l”® The head of the myosin filament
shows ATPase activity during the cross-bridge
cycle.'l The different myosin subtypes show
different rates of ATPase activity and biomecha-
nical properties. The cross-bridge cycle rate is
slower in type I than type II fibres and therefore
the ATPase turnover is lower in type I fibres. The
cross-bridge cycle rates can differ up to 30 times
between the different subtypes of type I and II
fibres.[?!1 The consequence of these different sub-
types of myofilaments is that one muscle can
contain many subtypes of muscle fibres. Further-
more, fatigue-resistant fibres tend to have a higher
activity of enzymes engaged in oxidative meta-
bolism than the more fatigue-sensitive fibres.

Isometric force generation of type II fibres
decreases more than type I fibres during P; accu-
mulation at 30 mmol/L.2!-23] This effect is more
evident at low temperatures.[’?l In contrast, con-
traction speed of type I fibres is more susceptible
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to P; accumulation than type II fibres.®%] These
effects are also more pronounced at low tem-
peratures.[®!1 One should realise that the tempera-
ture of human skeletal muscle in vivo is about
32°C at rest conditions and can rise to >39°C
during exercise.®? Therefore, the effects of P;
accumulation on the biomechanical properties of
myofilaments may be more pronounced in the
in vitro experiments at low temperatures than
during in vivo circumstances of exercise.

The distribution of the different fibre types
varies greatly between different muscles and
across homologous muscles in different animal
species.[B31 Type I fibres tend to be relatively more
frequent in muscles with a crucial role in posture
(e.g. in antigravity muscles needed for standing).
Compared with commonly studied laboratory
animals (mice, rats, cats), human muscles have a
very high percentage of type I fibres; in many
human muscles, type I fibres (‘slow’) constitute
about 50% of all fibres.[34

The firing frequency of the motor neuron
declines during sustained isometric contrac-
tions.[8>8%] The reason for this firing frequency
decline is most likely an afferent feedback
loop.B”I Fuglevand and Keen®® have shown that
a decrease in motor unit discharge rate may
contribute to a decrease in muscular output
during sustained isometric contractions. As
mentioned above, the speed of the cross-bridge
interaction of the muscle cell decreases due
to accumulation of intracellular ADP (see
figure 1).['%29 This means that the firing fre-
quency can slow down to maintain a fully fused
muscle cell contraction. The reduction of the
motor neuron firing frequency in combination
with the decreased speed of the cross-bridge in-
teraction enables the contracting muscle cell to
maintain its mechanical output at a lower cost
of energy. Some researchers hypothesize that a
special mechanism exists for the optimal motor
neuron firing frequency according to the change
in biomechanical properties in the muscle fibres
during sustained isometric contractions.[>3¢ This
phenomenon is known as ‘muscle wisdom’.
Others debate this theory,!®! because the muscle
relaxation after isometric contraction has not
been thoroughly investigated yet. They argue
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that, in order to study muscle wisdom properly,
patients suffering from muscle disease with abnor-
mal slow relaxation time, as in myotonia (affected
sarcolemma) or Brody’s disease (affected sarco-
plasmatic reticulum), should be investigated.

1.2 Effects of Exercise on the
Internal Environment

In sudden muscle activation, the change from
rest to intense activity is too rapid for an imme-
diate external supply of the required energy sub-
strates, so internal energy stores are used. The
energy for muscle contraction has to be supplied
as ATP. At very short notice, ATP can be gen-
erated from internal stores of creatine phosphate.
Furthermore, ATP can be generated relatively
rapidly by anaerobic glycolysis, using intra-
cellular stores of glycogen as fuel and producing
lactic acid as one of the metabolites. Only after
some time can the increased metabolic require-
ments of an activated muscle be balanced, partly
or completely, by increasing the level of func-
tioning of the cardiovascular and respiratory
systems. More oxygen and fuel (glucose, fatty
acids) need to be supplied and more CO, and
other waste products (e.g. lactic acid) need to be
removed.

The intensity of the workload, the amount of
muscle tissue involved and the type and duration
of exercise all influence the impact of the active
muscles on the internal environment. After the
sudden onset of a steady level of exercise, it typi-
cally takes several minutes before heart rate and
oxygen uptake have reached a new, higher, steady
state. Under anaerobic conditions, the break-
down of glucose (glycogen) generates lactic acid
as one of the end-products. Under aerobic con-
ditions, lactic acid can be further processed,
generating more ATP, CO, and water. The per-
formance of a matching rate of acrobic glycolysis
becomes increasingly difficult at increasingly
higher general workloads. The increase of lactate
concentration in blood and extracellular fluids
shows a marked acceleration above a certain
workload, i.e. the ‘lactate threshold’ or OBLA
(see also later, figure 4). The lactate threshold
can be defined as the workload at which tissue
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lactate production is exactly in equilibrium with
the tissue lactate consumption. Above this
workload the blood lactate concentration starts
to increase.’? Others define the lactate thres-
hold as the workload at which blood lactate
concentration exceeds 1mmol/L above base-
line.[26-°11 OBLA is defined as the workload at
which the blood lactate concentration exceeds
4mmol/L.P2 An increased concentration of
acid means an increased concentration of hydro-
gen ions, i.e. a lowering of pH. This increased
proton load is partly buffered according to the
reaction:

H™ + HCO; <« H,CO;5; < H,O + CO,

This reaction is associated with the generation of
extra CO,, which is exhaled. As a result, there will
be an increase in the respiratory quotient during
the last stages of heavy exercise. For untrained
subjects this occurs at about 50-60% VO, and
for trained subjects at about 70-80% VOs.x
(figure 4).126:271

In muscle tissue, the metabolism of the anae-
robic glycolysis and purine nucleotide break-
down are linked to each other.”>* Ammonia
emerges as adenosine 5’-monophosphate and is
broken down to inosine monophosphate. Lactate
is the end-product of the anaerobic glycolysis. As
a consequence, the blood concentrations of both
ammonia and lactate will increase during graded
exercise.

It is well known that workloads above the
OBLA can be maintained for only a limited pe-
riod of time before subjects get seriously fatigued
and are forced to stop their exercise due to
exhaustion (figure 4).[>271 Hence, exercise-
associated fatigue sensations tend to increase
in parallel with the accumulation of exercise-
associated metabolites (e.g. lactate). It is still un-
known to what extent this parallel accumulation
reflects a direct causal relationship.

During graded exercise, only about 20-25%
of all the consumed metabolic energy is con-
verted into mechanical work, while the rest
emerges as heat.[>?%) Thus, exercise causes a
‘heat load’ in the internal environment (see also
section 1.3.4).
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Summarizing, the large number of effects
of muscle exercise on the internal environment
include:

1. An increased consumption and potential lack
of oxygen and nutrients (glycogen, glucose,
fatty acids);

2. An increased production and potential accu-
mulation of CO,, hydrogen ions (‘proton
loading’), lactate and ammonia;

3. Anincreased production and accumulation of
heat (‘heat loading’).

The larger the workload, the larger the effects
of these variables are on the internal environ-
ment. It is conceivable that such changes in the
internal environment might affect the functioning
of the CNS, directly by interoceptive afferents
and indirectly to a deterioration of the perfor-
mance of the exercise-associated muscles. Visc-
eral afferents from some cranial nerves project to
the solitary nucleus of the brain stem.”% To
maintain the steady-state of the internal en-
vironment, the brainstem and hypothalamus are
crucial.®”l A deterioration of the steady-state of
the internal environment by exercise can induce
inconvenient sensations of fatigue and of exhaus-
tion. These inconvenient sensations have a devas-
tating effect on exercise performance.

1.3 Effects of Exercise on the CNS

The function of the CNS is complex. The CNS
plays a crucial role in the maintenance of the
steady state of the internal environment. The
motor cortex of the brain is responsible for
the generation of the motor drive during exercise.
We are conscious of this motor drive, but we are
unaware of the concomitant motor control of
muscles regulating our posture during exercise.
Furthermore, the brain is the centre of our cogni-
tion. Despite the complexity of all these func-
tions, our mind can concentrate on only one
issue at a time; this issue is the object of our con-
sciousness. In fact, we have a very limited state
of consciousness. Gradually we become aware
of sensations of fatigue and exhaustion during
exercise. From a physiological point of view the
awareness of these sensations has a warning role.
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Besides these sensations of fatigue, neurophysiologi-
cal changes also occur in the CNS during exercise.

1.3.1 Afferents and Motor Control

The CNS controls motor behaviour using
sensory signals of many modalities. In humans,
vision is very important for motor control,’®! and
skin sensitivity is essential for the guidance of
movements in direct contact with the external
world (e.g. for manipulating objects). In all
movements, the many afferents coming from the
muscles themselves also play an important role.
Muscle afferents have widely varying diameters
and their functions are related to axonal size and,
therefore, to conduction speed.

All muscle afferents are connected to multiple
different parts of the CNS, and their signals can
be used in a multitude of ways. However, in all
muscle contractions the muscle spindle afferents
play a role because the afferents have a direct
connection to motor neurons, producing mono-
synaptic excitation. Activity of muscle spindle
afferents is caused by activity in gamma motor
neurons. Thus, in voluntary muscle activation, a
(minor) part of the total excitatory input to the
motor neurons arrives via the reflex circuit of the
‘gamma loop” gamma motor neurons/muscle
spindles/ac motor neurons. The role of muscle
afferent feedback mechanisms in exercise and
fatigue has been the subject of various recent
investigations.°%-101]

During sustained isometric contractions at
maximum voluntary contraction (MVC) the
EMG and the contraction force decrease syn-
chronously. Bigland-Ritchie et al.l'%? registered
the firing rate of single motor units of the biceps
brachii muscle during MVC by micro-electrodes
under normal and ischaemic circumstances.
During MVC, firing rates declined and recovered
within 3 minutes after contraction. The recovery
of the firing rate was absent if ischaemia was ap-
plied. The motor neurons are positioned in the
spinal cord and show a decrease in the firing rate.
These experiments suggest an afferent feedback
loop between the muscle and its motor neuron in
the spinal cord.

It is hypothesized that the small chemo- and
nociceptive muscle afferents (thin myelinated
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[III] or unmyelinated [IV or C] fibres) are re-
sponsible for this feedback loop.%-1%3 Martin
et al.l%] evoked the biceps and triceps brachii
muscles, the elbow flexor and its extensor, at two
different levels in the neuromuscular tract by
electrical stimuli. The corticospinal and re-
ticulospinal tracts were stimulated via the mas-
toid processes at the cervicomedullary level. The
response to this stimulus was an evoked twitch
contraction of both muscles, which are each other’s
antagonists. These experiments were applied
with and without muscle ischaemia produced
with an inflated cuff. The results of this study
suggest that there is a feedback loop of III and IV
nerve fibres in the extensor muscles. A response
to this stimulus of fatigue in the extensor muscle
was found. Surprisingly, the feedback loop of the
extensor muscle also facilitates the contraction
properties of the flexor antagonist. The feedback
loop of the III and IV nerve fibres of the flexor
muscles showed a response in the extensor
antagonist, but no response in the flexor itself.

It is hypothesized that the afferents that were
triggered in the experiments of Martin et al.[1%3]
and Bigland-Ritchie et al.'%?! are type 11T and IV
nerve fibres. Bigland-Ritchie et al.l'%2 measured
the rate frequency of the single motor units, and
Martin et al.l'%% tested the excitability of the
corticospinal tract. These observations suggest
two different feedback systems. Recent research
of Martin et al.['% showed that stimulating type
IIT and IV nerve fibres by saline infusions (trig-
gering pain sensations by these nerves) reduced
the motor-evoked potential (MEP) response to
electromagnetic motor cortex stimulation (for an
explanation of MEPs see section 1.3.3.[106.110])
The corticospinal tract has no presynaptic in-
hibition.['%) This suggests that the corticospinal
tract is inhibited at the cortical level by the type
IIT and IV nerve fibres. In summary, muscle
afferents of type III and IV nerves have three
effects:

e a decrease of the firing frequency of the motor
neuron;[102]

e an inhibition or facilitation of the motor
neuron;[!103!

e an inhibition of the motor cortex neuron.[!%4
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1.3.2 Central and Peripheral Fatigue

Two types of fatigue can be distinguished:
central versus peripheral fatigue. In peripheral
fatigue, the origin of fatigue is outside the CNS.
In all other cases the fatigue is generated some-
where in the CNS. However, these terms can be
defined more precisely. Peripheral fatigue is de-
fined as the loss of contraction force or power
caused by processes distal to the neuromuscular
junction, and central fatigue is a similar loss
proximal to the neuromuscular junction.[106-107]

During muscle exercise, an increased sense of
effort probably means that, for some reason, the
exercise or contraction can only be continued at
the expense of an increased intensity of cortical
commands. The reasons for such changed com-
mand requirements are often peripheral (drop of
force-producing capability in muscles) but may
also be situated within the CNS (e.g. changes in
neuronal and/or synaptic properties). The degree
of fatigue in the muscles themselves may be esti-
mated using, for instance, electrical stimulation
for assessing whether their maximum force has
decreased. Under some experimental conditions,
the component of ‘central fatigue’ can be esti-
mated by comparing the maximum force ob-
tained voluntarily versus the force resulting from
maximum voluntary plus electrical stimulation
(e.g. the ‘twitch interpolation technique’).[198.109]
The superimposed electrical stimulation adds
more force at high than at low levels of central
fatigue. In ‘the superimposed electrical stimula-
tion or twitch interpolation technique’ the mus-
cles are activated by applied electrodes. These
electrodes are attached at the skin surface. Dur-
ing sustained isometric contractions the muscles
are activated electrically. This activation creates a
superimposed contraction. By means of this
technique one can distinguish between fatigue
components in the contracting muscle (peripheral
fatigue) and components within the CNS (central
fatigue).

In addition to central changes causing a less
efficient central drive of the motor neurons, pro-
longed and intense bouts of motor exercise may
also cause qualitative changes in the CNS control
of movement, e.g. loss of coordination and
increased correction-errors. Such aspects of
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‘central control fatigue’ have been the subject of
little experimental investigation to date.

1.3.3 The Motor Cortex

Large parts of the brain are involved in the
production and control of motor behaviour.
Many of the final commands seem to be chan-
nelled via the primary motor cortex, which is also
one of the best known portions of the motor
system (partly due to its accessibility for experi-
mental investigation).

In conscious and intact humans, strong mag-
netic pulses may be used for activating the motor
cortex transcranially, causing contractions and
EMG responses to be facilitated and/or occur in
various muscles.['%! By using this technique one
is able to investigate the corticospinal tract by
triggering the motor cortex and measuring the
EMG signal and the produced mechanical out-
put. The transcranial induced electromagnetic
pulse evokes an activation of the neurons of the
motor cortex. Via their action potentials these
cortical neurons activate the motor neurons in
the spinal cord. The final effect is a twitch con-
traction of the motor units of these motor neu-
rons. These twitch contractions, the MEPs, can
be recorded by the EMG. There is some delay
between the transcranial magnetic pulse and the
MEP due to the propagation time of the afferent
signal from motor cortex to muscle fibre.[1]

Applying such techniques, it has been shown
that the excitability of the motor cortex changes
during a fatiguing muscle contraction. After
transcranial stimulation of the motor cortex
during voluntary isometric contractions, the re-
turn of the continuous EMG signal of the iso-
metric voluntary contraction showed a delay of
about 200 ms.["'! This delay lengthens during a
sustained contraction of 2 minutes at MVC.
These transcranial stimulating tests suggest a
change in the neuronal activity of the motor
cortex and are considered to be a sign of central
fatigue.

Various investigations of normal and diseased
nervous systems have led to the conclusion that
the ‘sense of effort’, as felt during muscle con-
tractions and motor exercise, somehow reflects
the intensity of ‘commands’ issued from the
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motor cortex.[''Z Thus, this sensed information
concerns internal CNS processes, reported via
‘corollary discharges’, rather than messages re-
ceived from the periphery via sensory afferents. It
is still unknown in which cortical region the
‘sensing’ of effort exactly takes place. The ‘sense
of effort’ should be distinguished from a percep-
tion of the force produced. Usually, the effort is
more easily assessed than force. However, under
some conditions, some subjects may distinguish
between these two modalities.['!3!

1.3.4 The Core Temperature

In order to maintain a steady body tempera-
ture, extra body heat has to be dissipated.[!!4113]
In the last years, researchers have shown a clear
link between hyperthermia and motor drive. The
CNS is vulnerable to hyperthermia. Special neu-
rons in the pre-optic area of the hypothalamus
are sensitive for temperature changes, and the
hypothalamus plays an important role in core
temperature regulation.l''® During exercise, the
contracting muscles produce heat, which acts
upon the core temperature. Gonzalez-Alonso
et al.l''I measured a gradual increase of the core
temperature up to 40°C during prolonged ex-
ercise. If it exceeded 40°C, the central drive of the
subjects faded away and they were unable to
maintain the workload. A similar observation
was obtained by Nielsen et al.l''8] They measured
the EEG activity of seven endurance-trained
subjects during a gradual increase of core tem-
perature. The subjects stopped at an average core
temperature of about 39.8°C. Probably, a core
temperature of about 40°C is a critical tempera-
ture. Reaching this core temperature reduces the
central motor drive. Most likely the brain tem-
perature during these circumstances could be an
important limiting factor.['!°]

Todd et al.l'? investigated the effect of in-
creased core temperature at the isometric MVC
and during transcranial magnetic stimulation
tests of the motor cortex at MVC. The motor
cortex excitability remained unchanged at in-
creased core temperature, but the silent period in
the EMG after the superimposed stimulus in-
creased under these circumstances. Reza et al.[21]
investigated the relationship between trans-
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cranial magnetic stimulation of the motor cortex
during voluntary contraction at different forces
and its evoked silent period at the cortex using
EMG recording. This silent period increased
when the applied voluntary contraction force or
torque decreased. These observations of Todd et
al. and Reza et al. suggest that the increased core
temperature induces an unknown inhibiting me-
chanism at the motor cortex. It is supposed that
the thermoregulatory centres of the hypothala-
mus play a central role in this process.!'>] The
level of inhibition could be acting directly on the
motor cortex or acting at a level before the motor
cortex. NO-synthetase blockers were adminis-
tered in the lateral ventricle of the brain in
rats.[1?2l The exercise performance of these rats
on rodent treadmills was reduced and they de-
monstrated a faster increase of body temperature
compared with controls. After the exercise, the
heat dissipation of the treated rats was reduced.
The same researchers discovered that cerebral
NO-synthetase blocking causes a decrease in the
mechanical efficiency during rodent treadmill
exercise in rats.'>3] The cost of energy during
exercise is therefore increased under these cir-
cumstances. Cheung and Sleivert!'>* describe
two models showing how exercise-induced hyper-
thermia might affect the motor drive of the CNS
during exercise. One model states that during
exercise the progressive heat loading is stressing
the cardiovascular system, which in turn could
limit the blood flow to the brain. Besides pro-
viding nutrition, the brain blood flow also drains
heat. Therefore, a reduced brain blood flow is
accompanied by a reduced brain heat loss. The
other model suggests that the increased brain
temperature may introduce the sensations of
fatigue and the sense of effort during exercise
directly.

1.3.5 Branched Chain Amino Acids and the

Serotoninergic System

Skeletal muscle tissue consumes branched-
chain amino acids (BCAAs; i.e. leucine, iso-
leucine, valine). This consumption of BCAAs is
increased during exercise, i.e. the BCAA con-
centration in blood will then tend to decrease.
BCAAs enter the brain using the same carrier
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as tryptophan. Thus, if BCAA concentration
goes down without a corresponding change in
tryptophan level, more tryptophan will enter the
brain. Tryptophan is the precursor of serotonin
(5-hydroxytryptamine; 5-HT), an important trans-
mitter substance in the brain.

Prolonged exercise has two effects. Firstly, the
concentration of BCAAs decreases, thereby al-
tering the ratio of tryptophan-BCAA entering the
brain in favour of tryptophan. Secondly, pro-
longed exercise leads to increased levels of fatty
acids in the blood (see figure 2). The increase
in free fatty acids causes an increase in the ratio
of free versus bound plasma tryptophan, which in
turn causes a further increase in the amount
of tryptophan entering the brain. The increased
levels of brain tryptophan lead to an increase in
the effects of serotoninergic transmission. The
final net effect seems to be an increased level
of tiredness, such as the level that is associated
with going to sleep.['?] Inspired by these find-
ings, some athletes try to counteract sensations of
fatigue by consuming BCAA-containing drinks
during prolonged exercise. Blomstrand et al.l'2¢]
found a decreased tryptophan uptake by the
brain during a prolonged exercise of 180 minutes
with carbohydrate supplementation. However,
oral supplementation of BCAA or omega-3 fatty

Blood compartment Brain tissue
1
Free—Trpf 2 3
or Trp4—» 5-HTP4 —» 5-HT 4
BCAA
BCAA ¥

-FAf

Free-FA%

BBB

Fig. 2. Tryptophan brain uptake and synthesis of serotonin (5-
hydroxytryptamine; 5HT) during prolonged exercise. 1 = the blood-brain
barrier transporter; 2 =tryptophan hydroxylase; 3 = 5-hydroxy tryptophan
decarboxylase; BBB=the blood-brain barrier; BCAA=branched
chain amino acid; FA=fatty acid; 5-HTP =5-hydroxytryptophan;
Trp=tryptophan. The vertical arrows indicate the increase or de-
crease of concentration, and the arrows with an asterisk (*) are the
effects introduced by the prolonged exercise.
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acids had no effect on the endurance time
of the exercise.['>”] The results of Blomstrand
et all'?6] suggest a decrease in tryptophan
uptake by brain tissue during exercise with car-
bohydrate supplementation. However, investi-
gations by Cheuvront et al.['?”) raise some doubts
about the effectiveness of this carbohydrate
supplementation.

1.3.6 The Role of Cytokines

In the last decade the release of cytokines has
been the focus of scientific interest. Fatigue is one
of the major complaints in medical practice and is
usually one of the symptoms of disease. In most
cases the immune system is activated during ill-
ness. This activated immune system reacts in a
cascade of response reactions. Cytokines play an
important role in these response reactions. There
is an increase in several types of cytokines during
illness. The ‘sensation of fatigue’ during illness
induces indolent and sluggish behaviour, an
adaptive response to minimize metabolism.
A reduced metabolism consumes less energy,
saving the energy stock. It is hypothesized that
cytokines induce this adaptive behaviour. Skele-
tal muscle exercise is accompanied by increased
production of several cytokines. It is hypothe-
sized that the same kind of cytokines that acts at
the onset of illness introduces sensations of fati-
gue during and after exercise.l!28.134]

Cytokines form a heterogeneous group of
small intercellular signalling proteins. They are
produced de novo and secreted by many different
cells. The same cytokine can be produced by dif-
ferent types of cells. The production of cytokines
is induced by specific stimuli, such as an infec-
tion, physical and chemical stress, or traumatic
events. The release of some cytokines can also
trigger the release of other cytokines. Therefore,
the kinematics of cytokine release is rather com-
plex. Cytokines act on their target cells by binding
at a special membrane receptor. After binding,
the receptor is selectively stimulated by the cyto-
kine and induces gene expression in these target
cells via a second messenger. The final effects
of the cytokine depend on the properties of its
target cells.

Sports Med 2009; 39 (5)



Exercise and Fatigue

403

? + IL-1 release
TNF release

Strenuous exercise
with muscle damage

+

concentration

{
—5 IL-6 release Plasma :tﬂ—+> Sensation of illness

Exercising
muscle

Fig. 3. Overview of the interaction between exercise and cytokines.
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During exercise muscle cells start to release an increasing amount of

interleukin (IL)-6. During strenuous exercise, messenger RNA (mRNA) of IL-1 and tumour necrosis factor (TNF) is synthesized in the me-
chanically stressed muscle cells. It is likely that the transcription of these mMRNAs is the source of elevated plasma concentrations of IL-1 and
TNF. + indicates that the ‘exercising’ muscles release IL-6 and that the cytokines IL-6, IL-1 and TNF induce the described effects in the CNS;
? indicates that exercising muscles during strenuous exercise might release IL-1 and TNF; T indicates increased.

Physical exercise is accompanied by increased
blood plasma concentrations of interleukin-6
(IL-6).1128-1311 Tt has been demonstrated that
contracting muscles themselves are the source of
the IL-6 that is produced during exercise.[!31-133]
The increase in IL-6 caused by physical exercise
can be up to 50 times the baseline values during
rest conditions.['3* Most likely, the recurrent
calcium influx from the sarcoplasmatic reticulum
to the sarcoplasm during muscle contraction is a
major factor inducing IL-6 release from the
muscles.!33 It is well known that strenuous
muscle exercise, particularly eccentric exercise, is
accompanied by muscle fibre damage introdu-
cing an inflammatory process post-exercise.!'3¢]
IL-6 is defined as a ‘myokine’, a cytokine that is
released by exercising muscles.['37]

The final effect of the exercise-induced IL-6
release and perhaps of the inflammatory reaction
of the ‘post-exercising’ muscle is an increase in
many different cytokines!'3*!381 including IL-1
and tumour necrosis factor (TNF). The increase
in IL-1 and TNF is probably induced by stren-
uous exercise.[13%140] This hypothetical mechan-
ism is shown in figure 3. After intense endurance
workloads of 2.5 hours’ cycling!!*!l or 3 hours’
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running,!'#? the amount of muscle cell messenger
RNA (mRNA) for TNF and IL-1 was elevated.
So probably, besides IL-6, the cytokines IL-1 and
TNF are also produced by the active muscle cells.
It is not known to what extent the myofibrillar
damage caused by the mechanical stress of mus-
cle cell contraction induces this synthesis of
mRNA for IL-1 and TNF.[141.142]

The CNS is sensitive for some cytokines: 1L-1
and IL-6 promote sleep,l'*3! and TNF, IL-6 and
IL-1 have pyrogenic capabilities.!'*l Adminis-
tration of IL-6 in athletes introduced an increased
sensation of fatigue and a reduced exercise per-
formance.l'¥]  Furthermore, IL-1 introduces
sickness behaviour in animals.['4®] The intensity
of the sensations of illness in patients correlates
with the levels of IL-1 and IL-6 spontancously
released from peripheral blood mononuclear cell
cultures of these patients. There was no correla-
tion between the sensations of illness and the
plasma levels of IL-1 and IL-6.1'471 These ob-
servations in animals and humans suggest that
IL-1 and IL-6, among other factors, might in-
troduce sensations of fatigue. Both interleukins
are still increased post-exercise, thereby introdu-
cing exercise-avoiding behaviour because of
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Fig. 4. Terminology used in exercise physiology and its physico-
physiological meaning. (a) Relationship between workload and
oxygen uptake. Workloads above maximal oxygen uptake (VOsay)
are ‘supramaximal workloads’. At these supramaximal workloads,
most of the power is produced by type Il muscle fibres, which gen-
erate their intracellular adenosine triphosphate (ATP; necessary for
the cross-bridge interaction), by the glycolytic pathway and break-
down of creatine phosphate. (b) Relationship between workload and
blood lactate concentration. The different definitions for the lactate
threshold (LT; exceeding 1 mmol/L increase of the baseline) and the
onset of blood lactate accumulation (OBLA; 4 mmol/L) are shown. In
this graph, aerobic exercise is defined as the workload until the lac-
tate threshold or OBLA has been reached. The anaerobic threshold
is the workload beyond lactate threshold and OBLA. During aerobic
exercise, muscle power is produced predominantly by type | muscle
fibres, which generate most of their ATP via the aerobic pathway.
The aerobic exercise ends at about 50% VOymax in untrained sub-
jects and at more than 80% VOonmax in very well trained subjects.
(c) Relationship between LT and endurance time. The LT was de-
fined as the workload at which the blood lactate concentration ex-
ceeded the 1 mmol/L of baseline. The endurance time was estimated
during a workload at 88% VOynax in 14 volunteers (data obtained
from Coyle et al.l°").
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fatigue, which lasts for some period of time. It is
not known whether the sense of effort (see
section 2.1) is affected by these interleukins.

1.3.7 Brain Mefabolism during Exercise

Cerebral blood flow is impaired during ex-
ercise.l'*8141 This has been demonstrated by
different techniques. Herholz et al.['*® used '33Xe
and Ide et al.l'*! used near-infrared spectro-
scopy. Ultrasound Doppler methods showed an
increase in blood velocity in the medial cerebral
artery.[105119,141.142.149-153] Nybo and Nielsen!!5
demonstrated that this blood flow decreased
during hyperthermia, suggesting an impaired
cerebral blood flow. These results are contra-
dicted by the findings of Madsen et al.,['>3! who
showed an increased blood velocity in the medial
cerebral artery during dynamic exercise, but no
increase in cerebral blood flow measured by
133Xe. Most likely, these investigations reflect an
enhanced brain tissue blood flow during exercise.

Brain metabolism alters during exercise.
Madsen et al.['>%! did not find a clear increase in
brain oxygen uptake during exercise at a work-
load of 50% of the maximum oxygen uptake.
Compared with resting levels, Ide et al.l'*1 found
a decreased difference between the oxygen con-
tent of arterial versus venous blood at a workload
of 30% of the maximum oxygen uptake. How-
ever, at a workload of 60% of the maximum
oxygen uptake, the decrease was reversed into an
increase. The same observations were found
by Dalsgaard et al.l'>% If cerebral blood flow
increases during exercise, these observations
suggest that oxygen uptake by brain tissue is in-
creased, especially during intensive workloads.

In resting conditions, brain metabolism relies
almost completely on the oxidation of glucose for
its ATP production.l'* This means that the ratio
of brain tissue oxygen uptake to brain glucose
uptakeis 6: 1. During starvation, the oxidation of
ketone bodies contributes to a considerable pro-
portion (up to 25-50%) of brain metabolism.[!5¢]
The ratio of the cerebral oxygen/glucose uptake
decreases during an exercise workload of 60% of
the maximum oxygen uptake (Ide et al.l'#9)),
However, this ratio first decreases during an
exercise protocol with a graded workload till
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exhaustion and then increases to resting levels in
the last part of the exercise (Ide et al.['3")). In both
experiments an uptake of blood lactate was
measured in brain tissue. During exercise, brain
tissue shows a disproportionately higher uptake
from glucose and lactate than from oxygen.
These observations suggest that exercise might
have an anabolic effect on brain tissue.

Kemppainen et al.l'*®] investigated brain meta-
bolism during exercise with '®fluoro-deoxy-glucose
positron emission tomography (PET). They investi-
gated two groups of subjects, an exercise-trained
group and a less trained group. The subjects
exercised at three different workloads (30%, 55%
and 75% of their maximum oxygen uptake) for
30 minutes. In general, glucose uptake in the brain
decreased and showed a negative correlation with
the obtained blood lactate concentration. Fur-
thermore, the reduction in brain glucose uptake
was more pronounced in the frontal brain areas.
Even though there were no changes in the blood
lactate concentration in both groups, the effect
on brain glucose uptake reduction was more
pronounced in the well trained group. It was
hypothesized that the brain glucose uptake was
reduced due to an increased brain lactate uptake
with increasing exercise loads and that brain
tissue used lactate in favour of glucose for its
oxidative energy production.

2. Psychological Aspects of Exercise

2.1 Sensations Related to Exercise

The sensations of fatigue that develop during a
sustained isometric contraction are different
from the sensations of fatigue that develop during
running a 42 km marathon. In both situations the
sense of effort increases but the two types of
exercise differ in the associated physiological ef-
fects and in the associated experienced sensations
of fatigue. The sustained contraction leads to a
marked accumulation of muscle metabolites.
When running a marathon, there is a prominent
depletion of the muscle glycogen stores. The day
after prolonged isometric contraction one may
not notice any lasting sensations associated with
the exercise, while after a marathon one is likely
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to experience tiredness for one or several days.
Thus, an increase of sense of effort might be as-
sociated with different patterns of ‘fatigue’. As a
psychological quantity, the ‘sense of effort’ re-
flects one’s exercise capacity. From the physio-
logical point of view, the ‘sense of effort’ reflects
more or less the quality of the motor drive from
the cerebral cortex to the motor neurons of the
spinal cord.

It is supposed that the centrally generated
motor commands create the sense of effort by a
corticofugal feedback system.[>!12159] In rats,
collaterals of the corticospinal tract terminate at
the striatum.[10-1621 Therefore, the striatum re-
ceives an exact copy of the motor cortex output to
the spinal cord. Exercise might change the steady
state of the internal environment. Interoceptive
afferents send back the actual physiological sta-
tus of the internal environment to the CNS. It is
not known which neuro-anatomical structures in
the CNS generate the sense of effort and the
sensation of fatigue. A synopsis of possibilities is
shown by St Clair Gibson et al.,['%3 who suggest
that ‘the sensation of fatigue’ is the conscious
awareness of changes in subconscious homeo-
static control systems. During exercise this means
a gradual shift from a subconscious to a con-
scious awareness. The homeostatic control sys-
tems of the CNS are situated in the nuclei of the
brainstem and hypothalamus. These nuclei in-
tegrate the physiological changes of the internal
environment and most likely modulate the higher
centres of the brain. Finally, the highest centres of
the brain are reached by creating an awareness of
sensation of fatigue and sensation of exhaustion.
The PET images from Laureys et al.l'®¥l of the
brains of people in four different states of con-
sciousness are interesting, but also very sad.
These different states were healthy people,
patients with a ‘locked in syndrome’, patients
with a ‘minimal consciousness state’ and patients
with a ‘vegetative state’. In these subsequent PET
images the brain tissue glucose uptake decreased,
especially in the medial posterior cortex (the
precuneus or lobus quadratus). The glucose up-
take by the precuneal cortex in the vegetative
patient was hardly measurable. These authorst!4
hypothesized that this mid-brain area, which is
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situated posterior of the sulcus centralis, plays an
important role in the state of consciousness. It is
well known that the sensory input to the brain
cortex is projected to and processed by the cere-
bral cortex posterior to the sulcus centralis. Based
on the observations of Laureys et al.l'®¥ and
Cavanna and Trimble,l'®% it is conceivable that
the precuneus plays an important role “in the crea-
tion of awareness.”” Perhaps, this part of the brain
cortex also plays an important role in the creation
of the ‘awareness of the sensation of fatigue’ or
‘awareness of the sense of effort’ during exercise.
The sense of effort can also be affected by a
decrease in the motor output because of physio-
logical changes within the muscle itself. The pool
of recruited motor units has to be extended in
order to maintain the same motor output under
these circumstances. This produces an increase of
the pool or a change in firing frequency of active
neurons of the motor cortex, which in turn may
create an increase in the sense of effort. In this case
one might also experience sensations of fatigue.
However, this form of fatigue is not produced by
changes in homeostatic control systems of the
CNS, but by changes within the muscle itself.

2.2 Rating Points of Exertion (Borg Scale)

In the beginning of the sixties, Borg developed
a psychophysical scale (Borg scale) that linked
the experienced sensations of exertion to the
performed exercise intensity.[*1%91 These scales
contain two variables, a ‘physical component’
and the ‘perceived magnitude’. The latter is a
psychological component and it represents the
intensity of the perceived sensations during the
exercise performance. The psychophysical scale
represents the relationship between these two
variables.l'®”l Two parameters estimate the phy-
sical properties of exercise, the type of exercise
performed and the endurance time. In dynamic
exercise there is a linear relationship between
workload,l'-27-119] represented as VO,,,,y, and
heart rate (see figure 4). Other parameters can
also be used, such as the percentage of MVC
during isometric contractions.19%:16%1 Therefore,
exercise workload can be represented by one of
these parameters. The Borg scale contains 15
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rating points of exertion (RPE). As a physical
parameter, Borg used the heart rate during ex-
ercise.[ There is a high correlation between these
two parameters.[166:170]

It is hypothesized that cardiopulmonary, me-
tabolic and other local afferents within the body
cause the changes in perceived exertion during
exercise. However, it is not clear how the CNS
integrates these signals to the overall sense of
exercise exertion. The afferent input to the heart
muscle was manipulated in volunteers by using
atropine and B-receptor blockers.['71:1721 Atro-
pine inhibits its parasympathetic innervation by
blocking the acetylcholine receptor, B-receptor
blockers inhibit its sympathetic innervation.
Eklblom and Goldbarg found a nonsignificant
increase of RPE after administration of non-
selective B-adrenoceptor blockers (B-blockers)
and atropine.l'’”? A similar effect of nonselective
B-blockers on RPE was also found by oth-
ers.[173:174 The effects of the selective B;-blockers
are less pronounced than the those of the non-
selective agents.!”3) The observations during
prolonged exercise on cycle ergometers of RPE
during differences in cadence of cycling are inte-
resting. At a cycling rate of 40 rpm the RPE was
higher than at 60 or 80rpm.['” These obser-
vations correspond to the observations of the
optimal pedalling rate of about 90 rpm during
competitive cycling.['’? Baron!'””! found an
optimal power output at about 100 rpm. These
observations suggest that the RPE represents the
essential sensitive information. This sensitive
information enables the CNS to estimate the
optimal power output during exercise.

2.3 The Teleoanticipatory System and Other
Concepts

2.3.1 The Teleoanticipatory System

Ulmer!!7®! created the concept that a control
system should exist which estimates the optimal
power output to perform the goal of the exercise.
This system contains a ‘finishing point or the goal
of the performed exercise’ and a ‘programme’.
This ‘programme’ is able to ‘estimate’ the optimal
power output to reach the ‘goal of the performed
exercise’. Ulmer!!78 describes this system as a
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‘teleoanticipatory system’ (teleos=final or last).
This system could be compared with one of the
important tasks of former flight engineers in
aviation. The flight engineers calculated before a
flight how much fuel an aeroplane should use to
reach the destination at an optimal flying speed.
Saving fuel is an important cost-reducing factor
for aviation companies. During the flight the en-
gineers measured fuel consumption continuously
and recalculated how the destination of the flight
could be achieved optimally. Ulmer!'78] suggests
that a similar system should also exist in the
execution of human exercise. This ‘teleoanticipa-
tory system’ contains a feed-forward component,
which estimates the metabolic rate of exercise per
time unit. A feedback control loop compares the
actual metabolic rate with the estimated meta-
bolic rate. For “‘a precise feed-forward calcula-
tion” it is necessary to have “a template which
contains existing data of exercise performance.”
If this ‘teleoanticipatory system’ exists in hu-
mans, it is interesting to contemplate whether this
template is acquired by previous exercises (train-
ing) or whether this template is inborn. An essen-
tial parameter for the functioning of this system
is the ‘measurement of the energy turnover dur-
ing the exercise’. It has been the scope of recent
research to study how the CNS is able to esti-
mate this turnover and how this ‘metabolic rate
measurement’ is linked to the RPE.[170:178-180]

2.3.2 The Central Governor Model

Noakes!!31-153] expects there must be a ‘central
governor’ that matches ‘the sensatory informa-
tion of exercise’ (feedback information) with ‘the
aim of exercise’ (feed-forward information) —
a system similar to Ulmer’s. As an example he
uses the 42 km marathon. The marathon is an
endurance race of a little more than 2 hours.
Haile Gebrselassie ran the Berlin marathon of
2007 just within 2 hours and 5 minutes. Accord-
ing to Noakes, this is only possible if there is a
match between ‘estimated workload’ and ‘per-
formed workload’. There must be a centre in the
body that obtains information on the maximum
workload and maintains homeostatic control at
the same moment. This concept is the ‘central
governor model’ (CGM). Is the ‘capability of
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feed-forward estimation or calculation’ one of
the most important capabilities of the CNS in
humans? Humans are able to give a preview and
to work out a plan; we can act in this way because
of the calculating capacity of our telencephalon.
In other words the feed-forward capability in
humans is well developed and has even reached
abstract forms. So ‘human feed-forward calcula-
tion’ can be used during endurance exercise. This
means that Noakes’ central governor could be
identified as a function of the higher centres of
the CNS. Noakes states that his CGM explains
all forms of exhaustion during exercise, including
those exercises with an intense workload.['53]

2.3.3 The Catastrophic Failure Model

The opposite of the CGM is the model of
‘catastrophic failure’.['31:153] In this model, ex-
ercise stops if one or more of the bodily systems
are stressed beyond their capacity. For example,
the limited oxygen and nutrition supply to
exercising muscles leads to local intramuscular
hypoxia and anaerobiosis, which is the cause of
exhaustion. Weir et al.l'®!] debate Noakes’ state-
ment that the CGM explains all forms of ex-
haustion during exercise. They discuss the effect
of accumulation of metabolites at exercise of full
power output. For example, the decline in running
speed during a 400 m athletics race is used as an
argument. During every 100 m the average speed of
the athletes declines by about 0.5 m/s (1.8 km/h).
Therefore, the speed has reduced by about 7 km/h
after 400 m. They wonder how far athletes are
using a pacing strategy during these 400 m races,
and how far is this decline of speed due to pro-
cesses within the exercising muscle itself?

2.3.4 Arguments against the Central Governor

Model

The authors of this manuscript also have their
doubt about Noakes’ concept of exercise-induced
exhaustion in every form of exercise. First of all, a
skeletal muscle is composed of different types of
muscle fibres, ranging from fatigue-resistant
(type 1) to fast-fatiguable (type II) fibre types.
Muscle fibres are recruited according to the size
principle.’”? This means that at low exercise
workloads, mainly type I fibres are recruited. If
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the exercise workload gradually increases, type 11
muscle fibres are also recruited. The effect is an
increase in performed workload. Type I fibres
have a ‘dominant mitochondrial metabolism’,['82
suggesting that type I fibres are able to produce
mechanical power when there is sufficient oxygen
supply. Type II fibres have a higher glycolytic
activity, indicating that type II fibres are able to
produce power in the absence of sufficient oxygen
supply. Therefore, sooner or later, lactate and
proton accumulation will occur in these fibres.
Proton accumulation causes a decrease in con-
traction force (see section 1.1.5). A second in-
dication is the skeletal muscle metabolism dur-
ing resting conditions. In muscles that contain
mostly type I fibres, oxygen consumption is the
highest and blood supply is the lowest. This sug-
gests that the metabolism of muscles that contain
mostly type II fibres relies on a higher amount of
anaerobic metabolism that exists during resting
conditions.[183.184]

The third argument comes from vertebrate
evolution. Vertebrates and cephalochordates be-
long to the phylum of the chordata and have the
same ancestor. The amphioxus, also called a
lancelet, belongs to the cephalochordata and this
animal has no skeleton, but a notochord. The
CNS of the amphioxus, a tube-like structure, is
studied nowadays to understand the early devel-
opment of the CNS of the vertebrates (see Butler
and Hodos!'®%). The myotomes of the amphioxus
possess superficial and deep muscle fibres.['8¢]
The deep muscle fibres have type II (white fibre)
morphology and the superficial muscle fibres
have type I (red fibre) morphology.l'®”1 These
deep white muscle fibres are used in escape be-
haviour from predators.'8¢] To escape from
predators is an all-or-nothing situation. The
superficial red muscle fibres are used during
undulating swimming, when the animals have
prolonged periods of swimming during vertical
migration.l'8¢! In the larvae of the amphioxus
these two different muscle fibre types are linked
to two different neuronal circuits.['®8 Amphioxus
shows escape behaviour after triggering skin
surface mechanoreceptors.!'8¢] Primitive lower
vertebrates such as agnatha, teleost fishes and
amphibians possess one pair of giant Mauthner
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neurons. These two Mauthner neurons are bilat-
erally situated near the synapse of the vestibular
branch of the VIII nerve in the medulla ob-
longata.['®5] The axons of these two Mauthner
cells give collateral branches to each segment of
the spinal cord, which terminate at the motor
neurons of the white muscle fibres. Furthermore,
these collaterals also trigger the descending axons
of higher centres of the CNS, which innervate the
motor neurons in the spinal cord. The Mauthner
cells get afferents from the lateral line system
(mechanoreceptors), the vestibulocochlear nerve
(N VIII) and perhaps the visual system.['831 In the
amphioxus, the escape system is also triggered by
one pair of giant cells, the large paired neuron
number 3.1'81 Amphioxus and vertebrates have a
common extinct ancestor. How far are these
neuromuscular systems of these lower vertebrates
analogues or homologues of those neuromus-
cular systems of the amphioxus larvae? In am-
phioxus larvae and in lower vertebrates, escape
behaviour is mediated by a special neuronal lo-
comotor system, which triggers the fast-fatigable
type II muscle fibres. Because of the special
properties of the type II muscle fibres, an instant
high mechanical output, the animals are able to
escape from predators in life-and-death situa-
tions. Accumulation of metabolites inside the
type II muscle fibres, which affect the fibre con-
traction properties, is the concomitant con-
sequence of the high power output by the type II
muscles during escape. Therefore, the high mus-
cular power output of these type II muscle fibres
can be produced for only a short time. Muscular
fatigue will decrease the power output. However,
these fibres recover after the lifesaving escape.
If fatigue develops in the muscle fibres during
escape, the destiny for the animal is to be eaten.
To what extent can this escape be compared
with the recruitment of type II muscle fibres
during intense exercise? In higher vertebrates,
including humans, the type I and II motor neu-
rons of the spinal cord are to a large extent con-
trolled by the neurons of the cerebral cortex via
the corticospinal tract. So in higher vertebrates
the dominant centres for motor control have
shifted from hindbrain structures to forebrain
structures. Humans are able to recruit the type I
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and IT motor neurons of the spinal cord gradually
until MVC or intense workloads are reached
during dynamic exercise (the size principlel’3]).
In fact, we are able to smoothly activate two
evolutionary different muscle fibre systems. Des-
pite this smooth gradual activation of the motor
neurons, we notice to some extent how intensely
and for how long we are able to sustain the pro-
duced power or contraction force. The higher the
workload, the shorter the endurance time. If we
choose exercise of high intensity, we accept that
the endurance time is limited to a short period. In
our opinion, it is better to distinguish between
‘muscle fibre type I and type II exercise’, which is
based on the origin of the different tasks of motor
output of the two muscle fibre types. The ob-
servation from one of the volunteers in our
extremely exhausting treadmill experiments!“0]
(range of the endurance time was 30-160 sec-
onds) is very interesting. During these intense
exercises this volunteer said, “‘I wanted to main-
tain the running speed, but I noticed that my
muscle power was fading away despite my moti-
vated drive.” He also said that this fading away of
muscle power was a very unpleasant sensation for
him. This volunteer was a well trained endurance
time cyclist. How far did he show ‘fibre type II
exercise-avoiding behaviour’?

2.4 The Effect of the Intensity of the Workload

In the sixties, Rohmert!'®?! investigated the
relationship between endurance time and iso-
metric contraction. He found an inverse expo-
nential relationship between applied isometric
force and endurance time. One should realise that
muscle blood flow is affected by contraction
forces. An impaired blood flow reduces the en-
durance time of the contracting muscle. If skele-
tal muscle cells perform isometric contractions at
high contraction forces, muscle blood perfusion
is occluded by the high pressures inside the mus-
cle compartment. Barcroft and Millen"*! found
a complete occlusion of blood flow in calf mus-
cles at 30% MVC. Lind et al.l'!! demonstrated
complete occlusion in the muscles of the forearm
at 70% MVC. So, isometric contractions between
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30% and 70% of MVC will lead to occlusion of
muscle blood flow.

In dynamic exercise, endurance time is related
to a subject’s VO,.,. The OBLA of a subject is
somewhere between 50% and 80% of the VO,,,.x
(figure 4). The OBLA of top athletes performing
endurance sports like cycling, running or skating
ranges between 70% and 80% of the VOi.x.
Exercises at workloads below OBLA can be
maintained for very long times (figure 4), and
they rely predominantly on the recruitment of
type I muscle fibres. During these workloads,
exhaustion is caused by emptying of the energy
stock. The energy stock consists of glycogen stocks
in muscle and liver tissue and of the stock formed
by the fat tissue. Athletes need to eat and drink
during the exercise in order to maintain their
workload as long as possible. Cytokines probably
play an important role in the release of glucose
from intracellular glycogen and redistribution of
glucose over the different types of cells. In isolated
hepatocytes of rats it has been demonstrated that
IL-6 reduces the intracellular glycogen stock.[!92]
One of the effects of IL-6 is the release of glucose
by hepatocytes to maintain sufficient blood
glucose concentrations during exercise.l'%3]
Abdelmalki et al.l'¥ made some interesting ob-
servations. One hour prior to a prolonged tread-
mill run until exhaustion, rats received baclofen,
a GABAj agonist. Control rats did not receive any
drug. GABA is an inhibitory neurotransmitter.
The endurance time of rats that had received ba-
clofen was longer than the endurance time of
control animals that had received placebo. The
glycogen stock in liver and muscle tissue was
more depleted in the baclofen-treated animals
compared with the controls. It can therefore be
concluded that baclofen boosts the glycogenolytic
effect of IL-6 release of the exercising muscle.

At workloads above OBLA, the steady state of
the internal environment cannot be maintained,
because type II muscle fibres are also recruited.
Under these circumstances, the homeostasis of the
internal environment is affected by accumulation
of lactate, ammonia, acid (proton loading) and
body heat. Sooner or later the athlete has to stop
or reduce the workload. To estimate a subject’s
OBLA, the blood lactate concentration is regularly

Sports Med 2009; 39 (5)



410

Ament & Verkerke

measured during a graded exercise with increas-
ing workloads.[26-27]

It is possible to apply workloads above
VOsax: the supramaximal workloads. Under
these circumstances, a large part of the generated
workload is produced by type II muscle fibres.
During exercise loads far beyond the VO,,,., the
steady state within the muscle cell is the bottle
neck. When exposed to these supramaximal
workloads, the muscle cell ATP production has
to rely on its cellular energy stock, creatine
phosphate and glycogen. Glycogen and/or glu-
cose are broken down to lactate and creatine
phosphate to creatine and inorganic phosphate.
These metabolites accumulate within the muscle
cell itself, affecting the steady state. Most likely
the endangerment of the intracellular steady state
causes the EMG frequency spectrum to change to
lower frequencies.[3%40]

3. Disease and Fatigue during Exercise

3.1 Diseases in General
3.1.1 General Aspects of Disease

Fatigue is one of the most often reported
complaints during illness, and usually also the
first symptom. Of the total number of people who
died in the Netherlands in 2006, about 30% of
deaths were caused by malignancies, and about
the same percentage were caused by cardiovas-
cular diseases. Lung diseases caused 10% of the
total deaths (source: Statistics Netherlands; see
www.cbs.nl). It is not known whether the Dutch
data are comparable to the data of other coun-
tries. These diseases usually involve a long time
(months to years) of deteriorating illness, which
can affect a patient’s exercise capacity tremen-
dously. Especially in malignancies, the foremost
complaints a long time before the disease is
finally detected are often only malaise and fati-
gue, which affect the patient’s exercise perfor-
mance. It is of medical interest to know how
pathological processes inside the body generate
these sensations of fatigue and malaise, but the
current knowledge is only fragmentary. In many
cardiovascular diseases, cardiac output is often
reduced, which has a direct effect on exercise
capacity. In lung diseases, oxygen uptake and
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Fig. 5. Schematic view of how different kinds of diseases might in-
fluence exercise performance. Some links are not shown in this
figure to keep this schematic view simple. Usually, malignancies
induce inflammation reactions. Bone marrow malignancies can be
accompanied by anaemia. Lung diseases such as chronic obstruc-
tive pulmonary disease are often accompanied with chronic inflam-
mation. These links between the different diseases are not shown,
but they enhance the symptoms of exercise-induced fatigue and
malaise. IL=interleukin; TNF=tumour necrosis factor; — indi-
cates the inhibiting effect on brain and muscle performance of the
different cytokines and organ systems.

Exercise

carbon dioxide output might be reduced. Dis-
eases of the intestines affect the steady state of the
internal environment, causing onset of fatigue
symptoms at an earlier stage of exercise and a
more prolonged recovery after exercise. In many
illnesses more than one organ is affected. For
example, malignancies, especially of bone mar-
row origin, are often accompanied by anaemia.
Therefore, fatigue and exercise performance can
be harmed by several mechanisms. Figure 5 shows
how these different mechanisms can influence
exercise performance.

3.1.2 Cytokines and lliness

Sick individuals experience malaise accom-
panied by fatigue and disinterest for daily activ-
ities. Animals also show ‘sickness behaviour’. One
of the important effects of sickness behaviour
is a reduction in daily activities, which in turn
lowers the daily energy expenditure. The ‘sickness
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behaviour of humans and animals’ is an efficient
strategy to reduce energy consumption during
illness. The energy-saving strategy during such a
period is to reduce muscular activity by a change
in behaviour.

In many diseases the immune system is acti-
vated. The reason for this activation is usually an
infection by micro-organisms (viruses or/and
bacteria) or tissue damage by trauma.l!®3 The
penetration of micro-organisms into the internal
environment causes cell and tissue damage, which
in turn may activate the immune system. Macro-
phages and mast cells are the first cells of the
immune system to be activated. Activated macro-
phages release, amongst other cytokines, 1L-1,
IL-6 and TNFg.[128.136,146,196.197] Dyring illness,
the same cytokines are released as those causing
fatigue sensations during exercise. Cytokines
and other substances activate leukocytes during
inflammation.

In one study, intraperitoneal administration of
IL-11"81 in rats caused reduced social activities
and feeding behaviour. Many researchers have
observed a pyrogenic effect of IL-1 and IL-6, but
most likely this was caused by the use of hetero-
logous cytokines. Wang et al.l'%! demonstrated
that homologous IL-1 and IL-6 have no pyro-
genic effect in animals when they are adminis-
tered intraperitoneally. Recently, Blatteis(>%0]
argued that cytokines possess no pyrogenic
capacity themselves, but mediate the pyrogenic
response. It is not known whether his observation
regarding heterologous and homologous cyto-
kines will affect the observations of many re-
searchers in relation to sickness behaviour and
other effects of cytokines. The current opinion is
that the cytokines IL-1, IL-6 and TNFa play an
important role in the pathogenesis of sensations
of sickness and its accompanying behaviour in
humans. During illness, humans show lethargic
behaviour accompanied with sensations of fati-
gue and malaise (see figure 5).

3.1.3 Some Effects of Anti-Inflammatory Drugs

Autoimmune diseases often need prolonged
medication. Usually the aim of the medication is
to suppress the chronic inflammation, which can
cause irreversible tissue damage. NSAIDs and
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corticosteroids have a potent anti-inflammatory
effect. Corticosteroids induce catabolism, which
can induce loss of skeletal muscle mass. This loss
of muscle mass directly reduces exercise capacity.
In animal studies, subcutaneous injections with
dexamethasone for 3 weeks caused a decrease in
the diameter of type I and II muscle fibres. The con-
traction properties of the muscles of these animals
were also investigated in vitro. The diaphragm
muscles of the dexamethasone-treated animals were
less fatigue resistant than those of controls.2°U
To the best of our knowledge, there is only one
report about the effect of corticosteroids on the
composition of muscle fibre types in humans.[20?!
In this study, transplanted kidney patients were
observed, where one group received prednisolone
and the other group was treated with an IL-2 re-
ceptor inhibitor. A shift in the type I/type II
muscle fibre ratio towards more type II fibres was
found in the prednisolone-treated patients. Based
on these observations, it can be concluded that
corticosteroids, especially when used chronically,
can induce muscle fibre atrophy. This will in turn
cause a reduction in total muscle mass, which
negatively affects muscle contraction properties.

Contracting muscles adapt to the applied
exercise workload by fibre proliferation after
several weeks. This is a normal effect of train-
ing.l182:2031 NSAIDs negatively affect these train-
ing effects in animals.?°4 Therefore, care needs to
be taken when using NSAIDs in sports injuries.
Treatment of pain after sports injuries with
NSAIDs relieves the pain in the first days, but
can induce other sports injuries at a later time
because of a decreased muscle fibre adaptation.
Therefore, prolonged use of NSAIDs and corti-
costeroids during chronic illnesses induces muscle
fibre atrophy and reduces muscle adaptations to
exercise training. However, the first aim in these
diseases is to reduce the intensity of the in-
flammation. Most likely this effect of reduced
intensity in inflammation counterbalances its
negative effect on the skeletal muscle properties,
which overall might create better exercise per-
formance and exercise-induced fatigue resistance.
[See discussion between physicians (‘in vivo
research’) and researchers (‘clinical experience’)
in the Journal of Bone Joint and Surgery.1203]]
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3.1.4 Vascular and Heart Diseases

One of the major effects of vascular and heart
disease is a decrease in cardiac output and/or
decrease in blood supply to organs and muscles.
The amount of oxygen that can be transported
per unit time from the lungs to the muscles de-
pends on several factors. In healthy subjects these
factors are the haemoglobin concentration and
the cardiac output. In these healthy subjects the
maximum cardiac output determines the VO,,,.x
(see figure 4). Reduced cardiac output can have a
dramatic effect on muscle oxygen uptake and
muscle lactate formation. Usually during these
diseases a reduction of the VO,,., is observed,
which decreases one’s exercise capacity.[206-208]
Wasserman[?*® showed that the ratio of oxygen
uptake/performed workload remained normal in
coronary artery patients, despite the reduced
oxygen uptake. This decrease in oxygen uptake
may be caused by a decrease in cardiac output
due to myocardial ischaemia. Occlusion of the
main arteries supplying muscle tissue can reduce
exercise performance. An example of this is inter-
mittent claudication. The predominant cause of
cardiac pump malfunction and vascular occlu-
sion is the occurrence of lesions in the arterial
wall by arteriosclerosis. These lesions finally
narrow the lumen of the artery. Arteriosclerotic
lesions show IL-612°1 and TNF gene expres-
sion.219 In arteriosclerosis, IL-6 levels are in-
creased.?'l Ridker et al.?'l showed that there
was a positive correlation between a higher
baseline IL-6 blood concentration and myo-
cardial infarction. Therefore, besides the negative
impact of reduced cardiac output due to the
myocardial ischaemia, the increased levels of IL-6
and TNF produced by the arteriosclerotic pla-
ques can also cause prodromal symptoms of ex-
ercise-induced fatigue and symptoms of malaise
(see sections 1.3.6 and 3.1.2). It is not known how
the decreased muscle blood supply changes the
exercise-induced IL-6 release of the contracting
muscles. Is the proportion of IL-6 release the
same as in contracting muscles with sufficient
blood supply or is this muscle IL-6 release en-
hanced by the reduced blood supply?

In sports and rehabilitation, weight-lifting
training programmes are used. The aim of these
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programmes is to improve total muscle mass and
muscle strength.['82.293] Intense muscle contrac-
tions cause compression of the muscular vessels
and capillaries. This vascular compression in-
creases total peripheral resistance, creating an in-
crease in arterial blood pressure.l?!?! An increase
in arterial pressure elevates the systolic pressure
in the left ventricle and increases the intramural
pressure of the left ventricular wall during the
systolic phase. The increase in intramural pres-
sure reduces the coronary blood flow, but the
higher arterial pressure during diastole increases
this coronary flow.[?'3] It is not known whether
increased systolic intramural pressure has an
effect on myocardial perfusion during intense
muscle contractions. How far do situations of
intense isometric contraction force, like weight-
lifting, impede myocardial perfusion? This could
be clarified through research, if technically pos-
sible. Dynamic exercise training increases muscle
blood flow and induces blood volume workload
for the heart muscle.

Thus, isometric contractions cause pressure
loading and dynamic exercises cause volume
loading of the left ventricle. These two different
haemodynamic effects of exercise need to be
distinguished.

3.1.5 Malignancies

One of the first signs of malignancy is com-
plaints of fatigue symptoms and complaints of
malaise. Sometimes they are accompanied by a
reduced capacity of exercise performance. Every
physician becomes alert if a 50- to 60-year-old
patient starts to show these symptoms. “Could
these symptoms be caused by a malignancy?”’ is
one of the thoughts in the physician’s mind.

These prodromal complaints usually manifest
months before the malignancy is finally diag-
nosed. What or which substances could cause
these prodromal symptoms to occur? Every ma-
lignancy shows expansion of tumour mass and
dissemination of its tumour cells. There are signs
that an intact immune system is able to eliminate
developing malignancies — an indication that there
must be a system of immunosurveillance.[?14213]
Thus there is an interaction between the im-
mune system and the developing malignancy.[?1°]
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Immunosuppressed transplant patients show a
higher incidence of malignancies. In some cases
of malignancy the immune system can promote
tumour growth.>!”! It has been demonstrated
that TNF is capable of inducing a tumour-
promoting inflammation in CT-26 colon cancer
cells.2182191 Therefore in some cases of malig-
nancy these research observations suggest that
the exercise-induced TNF release could stimulate
tumour growth. In these circumstances the
symptom of fatigue could have a protective role.
Langowski et al.??% discovered in several human
tumours a significant RNA up regulation of
IL-23. The same authors have demonstrated in
mice that IL-12 might have a protective role
in papillomas. Peake et al.l*?!1 demonstrated an
increase of IL-12 (subtype 40) after prolonged
exercise (45-60 minutes) at moderate to intense
workloads. Might exercise therefore play a pro-
tective role in some types of malignancy? Kim
et al.???l screened 242 colorectal adenoma cases
and 631 controls for the prevalence of increased
levels of IL-6 and TNFa. They found evidence of
higher levels of IL-6 and TNF« in the patients
with colorectal carcinoma. If we know that in-
creased levels of IL-6 and TNF are linked with
sensations of fatigue in humans and exercise-
avoiding behaviour in animals (see section 1.3.6),
this study suggests that the release of cytokines by
malignant proliferation could play an important
role in complaints of fatigue.

In summary, it is hypothesized that exercise
could have different effects in malignancy. It might
protect via exercise-induced IL-12 release in some
malignancies and it might enhance some tumour
types by exercise-induced TNF release. Are the
prodromal symptoms of fatigue and malaise at the
onset of the malignancy caused by tumour-induced
release by cytokines? IL-1, IL-6 and TNF are the
first candidates for further research.

3.1.6 Pulmonary Diseases

Pulmonary diseases can have a tremendous
effect on exercise capacity. The lungs are the
organs that exchange oxygen and carbon dioxide
with the environment. The gas exchange relies on
three important factors: (i) the diffusion of oxy-
gen and carbon dioxide via the alveolar-capillary

© 2009 Adis Data Information BV. All rights reserved.

membrane; (ii) the alveolar blood supply; and
(iii) the ventilation of the alveolar space. The
amount of gases crossing the alveolar-capillary
membrane by diffusion depends on the total
surface area of alveolar-capillary membrane, the
thickness of the membrane and the gas pressure
difference on both sides of the membrane (Fick’s
Lawl?>!). The intercostal muscles and the dia-
phragm are responsible for adequate ventilation
of the alveoli. These ‘respiration’ muscles are
especially active during inspiration. During inspi-
ration the elastine fibres of the sustaining tissues
of the alveoli are stretched and a certain amount
of the generated workload during inspiration is
stored as potential energy in the stretched elastine
fibres. The energy necessary for expiration is
generated to a large extent by these stretched
elastine fibres and a small proportion of the
expiration energy is produced by the intercostal
muscles and diaphragm. So the total cost of
muscle energy during lung ventilation in normal
people is minimized very efficiently.

The workload and the VO,,,,, are often re-
duced in pulmonary patients.[??3 The response of
the oxygen uptake after the onset of exercise is
reduced compared with controls.?23 This is caused
by several factors, i.e. a slower rate of increase in
skeletal muscle metabolism, a high pulmonary
blood flow resistance, and the reduced ability of the
pulmonary vascular bed to dilatate to the changed
haemodynamics.[>?3! In chronic obstructive pul-
monary disease (COPD) patients, Wasserman!2%8!
showed that the ratio of oxygen uptake/performed
workload remained normal compared with con-
trols, but that this ratio was decreased in patients
with pulmonary hypertension.

In many pulmonary diseases, due to loss of
alveolar tissue caused by the process of chronic
inflammation, the total alveolar surface area is
dramatically reduced. The effect is an increase in
dead space. Furthermore, the elastic properties of
lung tissue slacken. These lung tissue changes can
have dramatic physiological consequences. The
diffusion of carbon dioxide is 20 times faster than
the diffusion of oxygen.?>!l A hampered oxygen
diffusion creates in the milder forms of disease
a lower arterial oxygen pressure and perhaps also
a decrease in arterial haemoglobin saturation.
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In severe forms of hampered diffusion capacity
an increased arterial carbon dioxide pressure
might occur. For adequate alveolar ventilation
the workload of the ‘respiration muscles’ changes
to a much more intense one. The respiration
muscles are also very active during expiration, in
contrast to normal circumstances. Due to the in-
efficient saturation of haemoglobin, the cardiac
muscle has to transport more blood to the organs
for an efficient oxygen supply, so cardiac output
can be increased. The lung tissue damage can also
cause an increase in the total resistance of the
capillary bed of the lung, which might create in
turn an increase in the blood pressure of the lung
arteries. This is an extra workload for the right
ventricle of the cardiac muscle. All these patho-
logical changes can create, finally, COPD, the
endstage of many prolonged lung diseases. In
severe forms of COPD the exercise capacity is re-
duced dramatically, creating disability. Further-
more, many lung diseases are caused by chronic
inflammation accompanied by long-term release
of cytokine IL-1, IL-6 and TNF, which act di-
rectly on the brain (see figure 5).

Beside these changes caused by decreased lung
ventilation, changes inside skeletal muscle also
occur. [An extensive review of muscle dysfunc-
tion in pulmonary disease can be found else-
where.?>l] Biopsies of the quadriceps muscle
(lower limb) of patients with moderate COPD
demonstrated atrophy of the type II fibres and a
reduction of the type I fibres. It was hypothesized
that the chronic hypoxia and the reduced daily
activities cause these changes in the muscle cells.
Biopsies of the biceps brachii (upper limb) of
patients with COPD showed no change in the
type I/type II muscle fibre ratio, but the diameter
of these fibres was slightly reduced. These histo-
logical changes could also be induced by the
chronic use of corticosteroids.l?*!1 The final effect
of muscle fibre atrophy is reduced muscle mass,
which in turn reduces muscle strength. The oxy-
gen content in muscle tissue can be measured with
near infrared spectroscopy. Patients with COPD
showed a steeper decrease in the muscle tissue
oxygen content during exercise than controls.
Also, the recovery rate after exercise was longer
in COPD patients.[??] These observations sug-
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gest a faster and longer muscle tissue hypoxaemia
during and after exercise in the COPD patients.

3.1.7 Anaemia

Several diseases cause anaemia, which reduces
blood oxygen transport capacity. This reduction
of oxygen capacity negatively affects the VO,,ax.
The effect is that the blood supply to organs has
to be increased to supply them with the same
amount of oxygen. So at lower workloads cardiac
output reaches maximum. Bone marrow malig-
nancies are often accompanied by anaemia. In
these circumstances, i.e. malignancy and anae-
mia, exercise performance could be reduced by
several mechanisms (see figure 5).

3.2 Chronic Fatigue Syndrome and
Overtraining Syndrome

3.2.1 Chronic Fatigue Syndrome

In patients with chronic fatigue syndrome
(CFS) the sense of effort is increased. The exercise
performance of these patients compared with
controls is conflicting. Some investigators find
reduced maximal workloads and maximal heart
rates during incremental exercise tests in CFS
patients.l??7228] However, during these incremental
exercise tests there was no difference in physio-
logical response of different variables like heart
rate, maximum oxygen uptake and lactate meta-
bolism with respect to workload.[?27-230 So most
likely the baseline of the sense of effort is changed
in CFS patients, causing reduced maximal exer-
cise performances under ‘normal circumstances’.

Some researchers have stated that cytokines
might play a role in the pathogenesis of CFS,?31]
but others showed no change in the release of
the cytokines IL-1 and IL-6 after exercise.[>3%233]
A systematic check-up by Di Giornio et al.l?34
demonstrated a subtle alteration in the hypo-
thalamic-pituitary-adrenal axis (HPA axis).

Recently, researchers of the Nijmegen Expert
Centre of Chronic Fatigue discovered by MRI a
reduced thickness of the cerebral cortex in female
patients with CFS.[?3%] They found a relationship
between the level of physical activity capacity and
the reduction in grey matter. If their observation
is correct, it is important to know which factor is
responsible for this reduction. Is this caused by a
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reduction in cortical neurons or by a reduction in
the neuron-supporting cells, such as astrocytes?
De Lange et al.[?3%] also suggest that the brain
cortex is directly involved in the generation of the
sensation of fatigue. It is likely that the fatigue
symptoms in CFS patients have a neurological
origin, changing the subjects’ perception and
changing the circadian rhythm of the HPA axis.

3.2.2 Overtraining Syndrome and the

Neuroendocrine System

An example of hormonal effects that may be
involved in (central) exercise-related fatigue is
given by findings in relation to ‘overtraining’, i.e.
a late stage of intense and prolonged training
during which the exercise performance declines
instead of becoming progressively better. It is
hypothesized that, under these conditions, there
is a disturbance in the feedback regulation of
corticosteroids.

In healthy subjects the blood concentration of
cortisol decreases in the early stages of a graded
exercise and increases in the final stages when
high workloads are being experienced.?”! During
exercise levels at about 60% of VO, the con-
centration of cortisol starts to rise after about
1 hour.[3¢

In the early stages of overtraining in athletes,
the adrenal response to corticotropin (adreno-
corticotropic hormone) is reduced and finally the
HPA axis becomes deregulated, with seriously
impaired corticotropin and concomitant cortisol
responses.[37] Urhausen et al.?*® measured a
higher plasma renin activity at unusually low
workloads and a reduced endurance time (=27%)
in overtrained athletes during endurance stress
tests (83% of VO,,,.,). This suggests that there
might be a link between the neuroendocrine sys-
tem and higher CNS functions involved in exer-
cise performance and perhaps the sense of effort.

Another hypothesis for the cause of over-
training is the chronic mechanical overload from
the frequent training sessions, which induces mi-
crotrauma. These microtrauma in turn induce a
chronic inflammation reaction accompanied by
the activation of cytokines, especially 1L-6, IL-1
and TNFa. This overtraining model is described
by Smith.[>3°1 Steinacker et al.l**%1 hypothesize

© 2009 Adis Data Information BV. All rights reserved.

that the skeletal muscle itself produces unknown
feedback signals that act at the HPA axis. The
symptoms of the overtraining syndrome improve
if the intensity of training is reduced or stop-
ped.?#!1 This phenomenon — reducing or stopping
training intensity for a period and the concomitant
improvement in overtraining symptoms — is an
indication of the protective role of the sensation
of fatigue.

4. Conclusions

‘Exercise-induced fatigue’ is a poorly under-
stood phenomenon that intrigues many researchers.
Prolonged exercise is a very energy-consuming
process, affecting fuel stocks in the long term.
Exercise might also have deleterious effects on
the homeostasis of the internal environment,
causing accumulation of muscle metabolites and
of muscle-produced heat. The sensation of fati-
gue is a psychophysical quantity that eventually
will change the subject’s behaviour ‘for their own
safety’. Decades ago, the scope of research was
entirely just the contracting muscle itself. The
mechanical output of the muscle could be re-
duced by factors within the muscle. Later it was
discovered that exercise could introduce an
intense shift in the homeostasis of the internal
environment.

In the last two decades, the CNS has become
the main focus of interest. It was shown that ex-
ercise induces signs of fatigue in the CNS. New
techniques such as transcranial stimulation of the
brain cortex by electromagnetic pulses and brain
blood flow measurements by functional MRI and
PET are important tools for studying the brain
during exercise experiments.

However, many phenomena remain unclear. It
is questionable whether the phenomenon of ‘the
sensation of exercise-induced fatigue’ will be fully
understood, because it is a conscious awareness.
Which structures of our brain are involved in
consciousness? The brain cortex plays a very
important function in our cognitive skills and
perhaps also in awareness of consciousness.
However, lower centres of the CNS are necessary
for proper functioning of the brain cortex. This
means that consciousness, and most likely ‘sense

Sports Med 2009; 39 (5)



416

Ament & Verkerke

of fatigue during exercise’ and ‘motor drive’, are
the result of the interaction between many brain
centres. A defect in one of these centres might
affect one’s exercise properties. We have to realise
that ‘exercise-induced fatigue’ and ‘motor drive’
are opposite entities within the scope of interest
of both physiologists and psychologists.

In the last two decades the physiological
effects of cytokines have been investigated. Exer-
cising muscles release IL-6. Several researchers
have demonstrated increased blood concentrations
of IL-1 and TNF. In athletes, IL-6 causes increased
sensations of fatigue during exercise. Many dis-
eases are accompanied by increased levels of IL-1,
IL-6 and TNF. IL-1 induces sickness behaviour
in animals. Therefore, the effects of the different
cytokines on exercise-induced fatigue need to be
explored in more detail. Perhaps these cytokines
are the key to elucidating the prodromal symp-
toms of fatigue and malaise during malignancy.
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