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Part 1 — Defining fatigue
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Introduction PR VF)

* The study of fatigue in humans has been a source of interest for over
a century.
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* The first [phenomenon characterizing fatigue] is the diminution of the
muscle force.
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* The second is fatigue as a sensation.
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Introduction PR VP

* [The limit of exercise] has often been associated with the heart alone,
but the facts as a whole indicate that the sum of the changes taking
place throughout the body brings about the final cessation of effort.
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* Fatigue of brain reduces the strength of the muscles.

e Maadl 598 Julii (S| Eodl Gl 5) 503 °

Introduction YPRV-F

* In addition, the exercise intensity, amount of muscle mass involved, and
the type and duration of exercise can all influence fatigue mechanisms.
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* Another source of confusion is that researchers often use the terms
‘fatigue’ and ‘exhaustion’ interchangeably.
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Introduction YPRVF

* A participant who is no longer able to maintain a given power output

during a time to exhaustion test will often be classified as having
reached ‘exhaustion’. However, they may still be fully capable of
continuing exercise at a lower intensity.
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* Therefore, the concepts of fatigue and exhaustion are different
constructs that should not be confused.
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Introduction

Table 1.1 Different definitions of fatigue, emphasising the variation in the quantification

and interpretation of fatigue

N

oW

0 00

The moment when a participant is unable to maintain the required muscle
contraction or performed workload.

Extreme tiredness after exertion; reduction in efficiency of a muscle, organ etc.
after prolonged activity.

The failure to maintain the required or expected force.

Fatigue produced by failure to generate output from the motor cortex.

A loss of maximal force generating capacity.

A reversible state of force depression, including a lower rate of rise of force and a
slower relaxation.

Any exercise-induced reduction in the ability of a muscle to generate force or
powers; it has peripheral and central causes.

Failure to continue working at a given exercise intensity.

Any exercise-induced reduction in the ability to exert muscle force or power,
regardless of whether or not the task can be sustained.

A progressive reduction in voluntary activation of muscle during exercise.
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Prevalent fatigue theories: peripheral and
central fatigue

S35 il ! g Jamod! cadt: suilud! wad! Wb

* Fatigue can be broadly categorized into two types: peripheral fatigue
and central fatigue.

S5 33l il g hrurodl il 1 g () ple S ! i Sy ¢

10




12/10/2024

Peripheral fatigue R ZYE N (US|

A Exercise-related changes in the internal environment

| Accumulation of lactate and H*. H* is partly buffered, increasing carbon dioxide

production from bicarbonate.
2 Accumulation of heat, leading to increased sweat secretion. The loss of water may

lead to dehydration.
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Peripheral fatigue exod! cadt

B  Exercise-related changes within muscle fibres

| Accumulation of P, in the sarcoplasm, decreasing contractile force due to cross-
bridge inhibition.

2 Accumulation of H* in the sarcoplasm, decreasing contractile force due to cross-
bridge inhibition. Accumulation of H* may also depress Ca?* re-uptake in the

sarcoplasmic reticulum.
3 Accumulation of sarcoplasmic Mg?*. Mg?* counteracts Ca?* release from the

sarcoplasmic reticulum
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4 Inhibition of Ca?* release from the sarcoplasmic reticulum by accumulation of P,
(see point ). Ca?* release is inhibited by precipitation of calcium phosphate in the
sarcoplasmic reticulum and phosphorylation of Ca?* release channels.

5 Decline of glycogen stores and (in extreme cases) decline of blood glucose levels.
6 Decreased conduction velocity of action potentials along the sarcolemma, probably
as a result of biochemical changes in and around the muscle fibres. This has no

known immediate effect on muscle force production.

7 Increased efflux of K* from muscle. Increased K* in the lumen of the t-tubuli may
block the tubular action potential and lessen force due to a depression of
excitation-contraction coupling.
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Central fatigue S35 oll it

Il Central fatigue

| The conduction of axonal action potentials may become blocked at axonal
branching sites, leading to a loss of muscle fibre activation.
inhibiting motor cortex output.

course of maintained motor tasks, as suggested by measurements using
transcranial magnetic stimulation.

2 Motor neuronal drive may be influenced by reflex effects from muscle afferents.
3 Stimulation of type Ill and IV nerves decreasing motor neuron firing rate and

4  The excitability of cells within the cerebral motor cortex may change during the
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Central fatigue S5 oll it

5 Synaptic effects of serotoninergic neurons may become enhanced, causing
increased tiredness and fatigue. This may occur from increased brain influx of the
serotonin precursor tryptophan, via exercise-induced decreases in the blood
concentration of BCAAs.

6 Exercise-induced release of cytokines; IL-6 induces sensations of fatigue and IL-|
induces sickness behaviour.
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* Peripheral fatigue states that the sites of fatigue sit outside of the central
nervous system (CNS).
CNS).) 535 podl smadd! sladl 2,1 ais contd] wlge o)f ] dawmeodl canl 8L o5 @
* More specifically, peripheral fatigue is associated with an attenuation of

muscle force production caused by a process or processes distal to the
neuromuscular junction.
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* This develops an anaerobiosis within the working muscles, causing lactic
acid accumulation.
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Peripheral fatigue 2V PO |

* Because of this change in the intramuscular environment, continued
contraction becomes impossible and the muscle reaches a state of
failure.
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* Hill and colleagues concluded that the primary limiting factor in

exercise tolerance was the heart’s capacity to pump blood to the
active muscles.
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Peripheral fatigue haxod! Lot

* This theory, termed the cardiovascular/anaerobic/catastrophic model
of human exercise performance (‘catastrophic’ due to the predicted
failure of homeostatic cardiac function), became the dominant theory
within exercise science teaching and research.
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Central fatigue &35 solt et

* Whereas peripheral fatigue occurs via processes outside of the CNS,
unsurprisingly central fatigue proposes that the origin of fatigue is
located within the CNS, with a loss of muscle force occurring through
processes proximal to the neuromuscular junction.
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* Specifically, this refers to locations within the brain, spinal nerves and
motor neurons.
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Several definitions of central fatigue

* A negative central influence that exists despite the subject’s full
motivation.

o3l oSl Il 5929 (ye 0 ) e 35290 (s (535 50 ST 0
A force generated by voluntary muscular effort that is less than that
produced by electrical stimulation.
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* The loss of contractile force or power caused by processes proximal to
the neuromuscular junction.
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Measuring fatigue ! ld

* Direct methods of fatigue assessment
il il & piluad! G 11 -
* Maximal voluntary force generation/electrical stimulation.
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* Accurate measurement of the force generating capacity of muscle is crucial for
the reliable assessment of muscle fatigue.
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* The maximal isometric force production (MVC for maximal voluntary contraction)
is often used for this purpose.
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* does not enable dynamic contraction of the muscle.
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* Strong verbal encouraﬁement is provided by the investigator in an effort to assist
the participant in reaching a true maximal contraction.
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* Concerns with the use of MVC for assessing fatigue
ol aiIMVC plaseinl ylias Bglie! @

* Force production can be limited by the voluntary effort/motivation of
the participant.
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* Not even strong encouragement and feedback may be sufficient to
enable someone to achieve a true maximal contraction.
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* Therefore, it is not possible to clearly determine potential
mechanisms for reduced MVC.
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Measuring
fatigue
el b
Figure 1.2 A person preparing to undertake a maximal voluntary contraction of the
quadriceps muscles.
Low-frequency fatigue 39 yI Laidno il

» Low-frequency fatigue (LFF) is characterized by a proportionately
greater loss of force during low-frequency compared with high-
frequency muscle stimulation.
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* This form of fatigue can take hours or even days to dissipate, and may
play a key role in the decline in muscle force production.
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Low-frequency fatigue 3 y aisio it

* Low-frequency fatigue may increase the requirement for greater CNS
activation to elicit a given muscle force.
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* Consequently, this could cause an increase in effort perception for a given
force production, potentially contributing to the development of central
fatigue.
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Indirect methods of fatigue assessment
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* Endurance time (‘time to exhaustion’)
(Gl Y s> cdig)l) foril] g *
* Many research studies have utilized an endurance test, commonly known
as a time to exhaustion test, to assess and/or quantify fatigue, particularly
the influence of an intervention on the development of fatigue.
oY o cdgll L el G el ¢ osetd] L] dcsedl Slul ] e syasdl Coaasel @
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* Use of these tests is partly based on the assumption that there is a
relationship between the force generating capacity of muscles and the time
to exhaustion.
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Indirect methods of fatigue assessment
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* Endurance time (‘time to exhaustion’)
(GlayYI i g Jaril] g
* Also, gross time to exhaustion tests (e.g. a cycle to exhaustion at 80% VO2max)
exhibit large coefficients of variation (up to ~35%), su Egestlng that time to

exhaustion tests should not be the only measure used to determine the influence
of a treatment on performance/fatigue.
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* Most other research into the reliability of time to exhaustion tests has used
longer duration exercise, which may be less reliable than shorter exercise due to
the multitude of factors that can influence a person’s decision of whether or not
to continue, such as motivation and boredom.
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Indirect methods of fatigue assessment
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* Electromyography Mar! dw S ez
* Electromyography (EMG) is the analysis of the electrical activity of
muscle tissue.
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* The two common forms of EMG are surface EMG (non-invasive) and

needle EMG (invasive). For ethical reasons, surface EMG is most
prevalent in the sports science literature.
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Indirect methods of fatigue assessment
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* Electromyography
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Indirect methods of fatigue assessment
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* Electromyography Al dw S ez

* Finally, EMG can only be used with any form of validity during isometric
contractions, as changes in muscle length alter the relation -ship between
EMG and neuromuscular activation.
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* This indicates that EMG may not be a particularly useful or appropriate
index of fatigue during many sport-specific muscle actions.
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Indirect methods of fatigue assessment
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* Muscle biopsies Olae) cile js

* In a muscle biopsy, a small piece of muscle tissue is removed from an intact
human muscle for examination.
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* In sport and exercise science research, the needle biopsy is most common.
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* Here, local anesthetic is applied to the area after which a needle is inserted
into the muscle (commonly the vastus lateralis of the quadriceps).
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Indirect methods of fatigue assessment
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* Muscle biopsies Colaed) cle js

* Muscle biopsies can be used for quantifying muscle fiber
composition, muscle energy content, and the concentration and
activity of a multitude of enzymes involved in energy production.
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* A potential limitation is that a biopsy sample may not be
representative of the entire muscle from which it is drawn.
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Indirect methods of fatigue assessment
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* Muscle biopsies sl cile G5

* In addition, if repeated biopsy samples are required, variations in the
sampling site may affect the validity and/or reliability of the data.
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Indirect methods of fatigue assessment
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« Blood sampling plll clie 33

* Methods of sampling vary, from simple fingertip or earlobe capillary
sampling (Figure 1.5) to arterial and venous sampling and
cannulation.
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* A classic example is the testing of blood lactate.
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Indirect methods of fatigue assessment

il il & pilaod! b ¥
* Blood sampling

Figure 1.5 Antecubital venous blood sampling (left) and capillary earlobe sampling (right).
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Indirect methods of fatigue assessment
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* Ratings of perceived exertion — [siall gat) Cilapdi

* The most commonly used perceptual scale is the Borg rating of perceived exertion (RPE)
scale (also referred to as the Borg 6-20 scale).
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* 1970 by Gunnar Borg.
Zo9 ,Ug> aaulg VAV, e
* The seemingly arbitrary 6—20 range of the original Borg scale was developed due to the
observed correlation between heart rate and RPE ratings, such that the given score on
the scale can be multiplied by 10 and provide a close approximation of the exercising
person’s heart rate (e.g. an RPE of 12 approximates a heart rate of 120 bpm).
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Part Il

What causes (and what
does not cause) fatigue
in sport and exercise?
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Energy depletion AU S !

* Energy metabolism during exercise
4ol 1w ylow L5T A8UASI O] ©
* Adenosine triphosphate has three components:
1oligSe B e Slangall SN pmsiyol ot
* Adenine, ribose, and three phosphates.
Slawgd &g j9m Iy sl @
* The energy in these bonds is released when ATP is broken down in a

hydrolysis reaction, and this energy is used by the cell for various functions
such as muscle contraction.
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ATP + H,O ATPase ADP + P, + H* + energy
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Energy depletion

* Energy metabolism during exercise

Ul SN yin!
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* Only a small amount of ATP is stored in the body at any time (enough to fuel
approximately 2 seconds of maximal intensity muscle contraction).

ALl e il g Lp3i) S L) g (sl (3 ! (3 ATP o Laid 5 ko e .

* three primary metabolic pathways:
* the phosphocreatine (PCr) pathway,

* the anaerobic pathway,

(Bos oadly u)LmJI
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* and the aerobic pathway.
Slsed! laadly ®
Energy depletion B S !

* Energy metabolism during exercise
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Adenine Ribose

3 Phosphate groups

High-energy bonds
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Energy depletion Bl SN !

* Energy metabolism and fatigue during exercise
a5l 1w ylow sU5T A8 Ol

* ATP depletion ATP\diiu)

* In exercising humans, intramuscular ATP concentrations do not fall below
about 60% of resting levels, regardless of the intensity or duration of
exercise. However, the ATP concentration of single fibres can drop to very
low levels.

Ll dsass ULW 6!\ aaj.c.ll JLJ)U

* The occurrence of ATP depletion and its role in exercise-induced fatigue is
open to debate, and more research is required.
Sy 3lil) gin yol ool Jl o ol e @2 ll canll 3 0,505ATP slaciul Ggas ) ©
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Phosphocreatine depletion il 5 g gl ol

* Energy metabolism and fatigue during exercise
a5l 1 & ylow <L5T A3 Ol

* Phosphocreatine is a phosphorylated creatine molecule that is particularly
important in resynthesizing ATP during explosive, high-intensity exercise.

LSTATP sulsw sole] (3 Aols denl & AU jandall (3l SU 5552 90 (il S gisgd ®
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PCr + ADP + H* creatine kinase ATP + Cr

* In theory, this is sufficient for approximately 10-seconds of maximal work
before PCr stores become depleted.
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Phosphocreatine depletion il 55 ghw il Lok
100-
= @R Ocxidation
(11
S 80 mm ATP
S c PCr
:é! 60- &2 Anaerobic glycolysis
T
g 404
2
o 204
-
<
0-
6 10 20 30
Sprint duration (seconds)
Phosphocreatine depletion ol 55 ghw ol ol

* Energy metabolism and fatigue during exercise
4ol 1w ylow L5T A8UASI M @

* The reduction in power output may be partially due to PCr depletion,
which would reduce the rate of ATP resynthesize and necessitate a
reduction in power output to prevent critical reductions in ATP
concentration.
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* Phosphocreatine levels are not fully depleted during single sprints lasting

5-30 seconds. Therefore, it does not appear that PCr depletion is the sole
cause of fatigue during short duration maximal exercise
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* Energy metabolism and fatigue during exercise
Aol 1w ylow U5T catdlg ABUAII Ml ©

* Carbohydrate, in the form of muscle and liver glycogen and blood glucose, is the primary
fuel during exercise.

Al el s lae 5L ol 5680l o epall 555 slorg wSUly b Lanll Sl S (5 ol gy ST @

. (Carbohy)drate is metabolized in glycolysis (anaerobic) and the Krebs cycle
aerobic

(a3l5l) o, 55595 (s 558 slodll o Skas 3 &l joumgy Il il o
* Therefore, it is a fuel that can be metabolized to generate ATP across a W|de
range of exercise demands.

. glyco%]en deplet|on causes fat|gue and more recent perceptlons of the role of
arb drate in exercise fatlgue
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* Potential carbohydrate-related causes of fatigue during exercise
a5 1 s ylow £L5T ol jan gy ,SIL b yodl 5o U dlosizeod! LI @
* glycogen is an important fuel source during exercise — we only have a limited amount of

it stored in our body — when it runs out we can no longer exercise at the same intensity —
the end result: fatigue. Problem solved?
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* The three primary glycogen clusters are sub-sarcolemmal
LogS ! o o oSl (o dnlVT Ml Sle gamall
* glycogen (located just under the sarcolemma, or muscle fibre membrane),

inter myofibrillar glycogen (located between myoflbrlls) and intra myoflbrlllar
glycogen (Iocated W|th|n the myofibrils, near the muscle z- line).
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* Potential carbohydrate-related causes of fatigue during exercise
Azl ) A jlaa o LT ol jan gy S0 Jas ) (3l DU Alaiaal) lawll) o

. EA._T_&S&EN DEPLETION CAUSES HYPOGLYCAEMIA, WHICH LEADS TO
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* The pattern of use of the four primary fuel sources (muscle glycogen,

muscle triglycerides, blood glucose, free fatty acids) during exercise will
depend on:

5 AL eaally (Dladl g5l day VI Eulull sgdgll jolas plasciul lass deie;
e el LT (ol dcmadl Sles Vg pall 565 slog wdliaall
* exercise mode, intensity, and duration, the training status, metabolic
makeup, and pre-exercise fuel status of the athlete, and environnemental
conditions, particularly ambient température.
Croadll O 068 ol Al g ¢ can¥) oAl g e il Al g e g 4SS g o palll auag 0
T il d 1 S

5)\\)&\3@)3&4\5}‘%\@} '\jeg,_‘.'a“

48

24



12/10/2024

Glycogen
depletion

Muscle triglycerides

Energy expenditure (%)

Blood glucose

Muscle glycogen

0 1 2 3

Exercise duration (hours) »
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* Potential carbohydrate-related causes of fatigue during exercise

. EA._?&S&EN DEPLETION CAUSES HYPOGLYCAEMIA, WHICH LEADS TO
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* Intramuscular fuel sources (glycogen and triglycerides) are predominant for
approximately the first 90 minutes of exercise.
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* During prolonﬁed exercise, blood glucose is an |mportant fuel for working
muscles and the central nervous sYstem (CNS). Brain glucose stores are
limited; therefore, the uptake of blood glucose is crucial for the brain.
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