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Introduction 
Activities of all kinds in humans produce more 
or less marked fatigue. We generally 
distinguish between nervous fatigue secondary 
to wake duration and intellectual or psychic 
activity and physical fatigue secondary to 
physical or muscular activity.  
All physical activities, physical exertion or 
muscular work, whether in the context of 
sports, work or activities of daily life, lead to 
more or less fatigue depending on the intensity 
of the physical effort and its duration. This 
fatigue reduces the subject's physical 
performance, especially when the degree of 
fatigue is important. 
Due to this physical fatigue, the subject will no 
longer be able to develop his maximum 
strength or power. At a more advanced stage 
of physical fatigue (exhaustion), the subject will 
not be able to maintain or repeat a sub-
maximal physical effort for longer or at the 
same level of intensity. 
This reduction in the potential for physical 
effort, due to fatigue, is then observed through 
multiple means of evaluating muscular and 
athletic performance by measuring speed, 
power, displacement, strength, duration, etc. 
of a gesture, a series of gestures or a defined 
type of exercise. 
 

Definition 
As mentioned in the here above introduction, 
physical fatigue is secondary to muscular 
exertion and is thus generally so-called muscle 
fatigue. 
This muscle fatigue can be reflected in a 
decrease in physical performance and it is this 
decrease in performance that is indeed used by 
most researchers as the definition (1, 2). 
Actually, any reduction in maximal muscle 
force or power output due to exercise is 
defined as fatigue (3, 4).  More precisely, 
investigators are measuring maximal force of a 
muscle to investigate the physiology of muscle 
fatigue and thus define muscle fatigue as a loss 
of maximal force generating capacity (5, 6, 7). 
 
Fatigue sites  
The generation of voluntary muscle 
contractions starts at the central nervous 
system which excites motoneurones. This 
excitation (action potential) is transmitted to 
the muscle fibres then to the reticulum 
sarcoplasmic which releases calcium ions 
(Ca 2+). These Ca 2+ ions bind to troponin and 
trigger actine-myosin cross-bridges mechanical 
response i.e., muscle contraction and force.      
Each possible fatigue sites have been deeply 
investigated and most focus on three possible 
areas: central fatigue, failure at the 
neuromuscular junction, and deficits in the 
muscle fibre. For healthy subjects, 
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neuromuscular junction is not concerned in 
voluntary contractions and thus two sites are 
actually concerned: central and muscle fibre (7, 
8, 9, 10, 11, 12). Therefore, physiologists 

describe nowadays two kinds of fatigue (Figure 
1): the central or nervous fatigue and the 
peripheral or muscle fibre fatigue (13, 14, 15). 

 

 
Figure 1: The different types of muscle fatigue 

 
 
Central and Peripheral Fatigues  
The central fatigue is a diminution in the nerve 
impulses firing on motor-units and thus less 
motor-units are recruited and/or at a lower 
frequency and consequently less muscle force 
is generated. This reduction of the central 
nervous system firing on motoneurons is 
largely described in the muscle physiology 
literature and can be demonstrated and 
measured by the twitch interpolation technic 
(16, 17, 18, 19, 20, 21, 22). 
The peripheral fatigue is a diminution of force 
of the muscle fibres in response of nerve 
impulses i.e., for a same nervous system 
impulses firing, the muscle is producing less 
force output. The peripheral fatigue or muscle 
fibre fatigue has two components: a short-
lasting component (short-lasting fatigue) and a 
long-lasting component (long-lasting fatigue) 
(7, 10, 23, 24). 
Short lasting fatigue is related to metabolic 
factors and is thus named as well metabolic 
fatigue. The metabolic changes during muscle 
exertion are indeed important: depletion of 
adenosine triphosphate, phosphocreatine, or 
glucose/glycogen and accumulation of 
metabolic products in the fibres cytoplasm can 
affect the function of the contractile elements. 
Whatever the metabolic changes responsible 

for muscle fatigue, the recovery is pretty fast. 
As describe in the literature, the muscles 
recover from metabolic fatigue within minutes 
or few hours depending on the type of the 
muscle exercises (25, 26, 27). 
 
Long lasting fatigue 
Long-lasting peripheral muscle fatigue has long 
been described in the literature (1, 2, 5, 10, 11, 
13, 14, 23, 24, 26).  
To understand this essential muscle fatigue, we 
need to consider the force-frequency 
relationship, that is, the force generated by a 
muscle in terms of the frequency of nerve 
impulses. The muscle force-frequency 
relationship draws a sigmoid curve. At very low 
frequency (roughly less than 10 impulses per 
second) the strength developed by a muscle 
does not increase. Then, at low frequency 
(above 10 Hz) there is a tetanus and the 
strength rises sharply with the frequency to 
reach its maximum force and a fused tetanus at 
high frequency (roughly above 80 Hz). 
The long-lasting fatigue affects the muscle 
force-frequency relationship (Figure 2). The 
sigmoid curve moves to the right and the slope 
at the low frequency (roughly between 10 and 
50 Hz) is significantly less sharp while at high 
frequencies (above 80 Hz) the force is just a 
little affected (4, 23, 28, 29). 
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Figure 2 : The long-lasting fatigue is more pronounced at low frequency than at high frequency 

Therefore, the long-lasting fatigue is markedly 
measurable at low frequency and less at high 
frequency firing of nerve impulses. 
Consequently, long-lasting fatigue is as well so-
called “low frequency fatigue” as the force loss 
is well measurable for low frequency compare 
to high frequencies (30, 31, 32, 33). 
The origin of the long-lasting fatigue or low 
frequency fatigue has been investigated in 
details. It is now well established that it is due 
to a reduction of Ca 2+ ions released by the 
reticulum sarcoplasmic (RS) (34, 35, 36, 37). 
When an action potential is transmitted from 
motoneuron to muscle fibres, it propagates 
along the fibres membrane and the t-tubule, 
inducing the release from the RS of Ca 2+ ions 
that trigger the actine-myosin cross-bridges 
mechanical response. As the amount of Ca 2+ 
released from the SR into the cytosol 
decreases, this attenuates the binding of Ca 2+ 
to troponin C. Fewer cross-bridges are formed 
between actin and myosin and consequently 
less force is produced by the contraction. Due 
to the relationship of long-lasting fatigue with 
Ca 2+, some now refer it as the “calcic fatigue”. 
As a matter of fact, the long-lasting fatigue or 
calcic fatigue is of primary importance for sport 
exercises. Firstly, because it lasts for several 
hours or days after the muscle exertion 
contrary to the “metabolic fatigue” which is 
rapidly restored. But as well because it moves 
the steep part of the force-frequency curve to 
the right causing a significant reduction in the 
force of contraction and needing the central 
nervous system to compensate partly by 

increasing the firing frequency of the 
motoneurones.     
 
References 

(1) Merton, P.A. (1954) Voluntary strength and fatigue, J. 
Physiol. Lond., 123: 553–564. 

(2) Ciba Foundation symposium 82, Human muscle fatigue: 
physiological mechanisms, Pitman Medical Ltd 1981 ISBN 0 
272-79618-2 

(3) Bigland-Ritchie, B., Johansson, R., Lippold, O.C.J. and 
Woods J, J.(1983b) Contractile speed and EMG changes 
during fatigue of sustained maximal voluntary contractions, 
J. Neurophysiol., 50:313–324. 

(4) R G Cooper 1, R H Edwards, H Gibson, M J Stokes (1988) 
Human muscle fatigue: frequency dependence of 
excitation and force generation, J Physiol 1988 
Mar;397:585-99. 

(5) Bigland-Ritchie, B., Cafarelli, E. and Vøllestad, N.K. (1986a) 
Fatigue of submaximal static contractions, Acta Physiol. 
Scand., 128: 137–148. 

(6) Vøllestad, N.K., Sejersted, O.M., Bahr, R., Woods, J.J. and 
Bigland-Ritchie, B. (1988) Motor drive and metabolic 
responses during repeated submaximal contractions in 
man, J. Appl. Physiol., 64(4): 1421–1427. 

(7) Gandevia, S.C., Enoka, R.M., McComas, A.J., Stuart, D.G. 
and Thomas, C.K. (1995) Neurobiology of muscle fatigue. In 
Fatigue—Neural and Muscular Mechanisms, Plenum Press, 
New York, pp. 515–525. 

(8) B Bigland-Ritchie, C G Kukulka, O C Lippold, J J Woods 
(1982) The absence of neuromuscular transmission failure 
in sustained maximal voluntary contraction. J Physiol 1982 
Sep;330:265-78. 

(9) M I Polkey,  Kyroussis, C H Hamnegard, G H Mills, M 
Green, J Moxham (1996), Quadriceps strength and fatigue 
assessed by magnetic stimulation of the femoral nerve in 
man; Muscle Nerve1996 May;19(5):549-55 

(10) K. A. P. Edman (1995) Myofibrillar fatigue versus failure of 
activation. In  In Fatigue—Neural and Muscular 
Mechanisms, Plenum Press, New York, pp. 29–43. 

(11) Bigland-Ritchie, B., Furbush, F. and Woods, J.J. (1986b) 
Fatigue of intermittent submaximal voluntary contractions: 



© Myocene – 2021  4/4 

central and peripheral factors, J. Appl. Physiol., 61: 421–
429. 

(12) K R Mills, C Thomson (1995) Human muscle fatigue 
investigated by transcranial magnetic stimulation. 
Neuroreport 1995 Oct 23;6(15):1966-8. 

(13) T J Carroll, J L Taylor, S C Gandevia  (2017) Recovery of 
central and peripheral neuromuscular fatigue after exercise 
J Appl Physiol (1985) 2017 May 1;122(5):1068-1076 

(14) Thomas J Hureau 1, Guillaume P Ducrocq, Gregory M Blain 
(2016) Peripheral and Central Fatigue Development during 
All-Out Repeated Cycling Sprints. Med Sci Sports 
Exerc. 2016 Mar;48(3):391-401. 

(15) N Decorte 1, P A Lafaix, G Y Millet, B Wuyam, S Verges 
(2012) Central and peripheral fatigue kinetics during 
exhaustive constant-load cycling. Scand J Med Sci 
Sports. 2012 Jun;22(3):381-91. 

(16) W N Löscher, A G Cresswell, A Thorstensson (1996) Central 
fatigue during a long-lasting submaximal contraction of the 
triceps surae. Exp Brain Res(1996) Mar;108(2):305-14. 

(17) R G Cooper 1, R H Edwards, H Gibson, M J Stokes,(1988) 
Human muscle fatigue: frequency dependence of 
excitation and force generation J Physiol 1988 
Mar;397:585-99. 

(18) O M Rutherford, D A Jones, D J Newham (1986) Clinical and 
experimental application of the percutaneous twitch 
superimposition technique for the study of human muscle 
activation J Neurol Neurosurg Psychiatry 1986 
Nov;49(11):1288-91 

(19) E Suter , W Herzog (1985) Effect of number of stimuli and 
timing of twitch application on variability in interpolated 
twitch torque J Appl Physiol 2001 Mar;90(3):1036-40. 

(20) Anthony Shield, Shi Zhou (2004) Assessing voluntary 
muscle activation with the twitch interpolation technique. 
Sports Med. 2004;34(4):253-67. 

(21) Newham, D.J., McCarthy, T. and Turner, J. (1991) Voluntary 
activation of human quadriceps during and after isokinetic 
exercise, J.Appl. Physiol., 71: 2122–2126. 

(22) Gandevia, S.G. and McKenzie, D.K. (1988) Activation of 
human muscles at short muscle lengths during maximal 
static efforts, J.Physiol. Lond., 407: 599–613. 

(23) R H Edwards, D K Hill, D A Jones, P A Merton (1977) Fatigue 
of long duration in human skeletal muscle after exercise. J 
Physiol 1977 Nov;272(3):769-78 

(24) D.A. Jones (1981) Muscle fatigue due to changes beyond 
the neuromuscular junction. In Human muscle fatigue: 
physiological mechanisms. Ciba Foundation symposium 82 
p 178 -197 Pitman Medical Ltd 1981 ISBN 0 272-79618-2 

(25) E B Cady, D A Jones, J Lynn, D J Newham (1989) Changes in 
force and intracellular metabolites during fatigue of human 
skeletal muscle. J Physiol 1989 Nov;418:311-25. 

(26) B Bigland-Ritchie, E Cafarelli, N K Vøllestad (1986) Fatigue 
of submaximal static contractions. Acta Physiol Scand Suppl 
1986;556: 137-48. 

(27) E Saugen, N K Vøllestad, H Gibson, P A Martin, R H Edwards 
(1997) Dissociation between metabolic and contractile 
responses during intermittent isometric exercise in man. 
Exp Physiol 1997 Jan;82(1):213-26 

(28) S A Binder-Macleod, L R McDermond (1992) Changes in the 
force-frequency relationship of the human quadriceps 
femoris muscle following electrically and voluntarily 
induced fatigue. Phys Ther 1992 Feb;72(2):95-104. 

(29) S A Binder-Macleod, S C Lee, A D Fritz, L J Kucharski (1998) 
New look at force-frequency relationship of human skeletal 
muscle: effects of fatigue. J Neurophysiol 1998 
Apr;79(4):1858-68. 

(30) Albertas Skurvydas , Gediminas Mamkus, Aleksas 
Stanislovaitis (2003) Low frequency fatigue of quadriceps 
muscle after sustained maximum voluntary contractions. 
Medicina (Kaunas) 2003;39(11):1094-9. 

(31) R Benjamin Keeton, Stuart A Binder-Macleod (2006) Low-
frequency fatigue. Phys Ther 2006 Aug;86(8):1146-50. 

(32) R R Baptista, E M Scheeren, B R Macintosh, M A Vaz (2009) 
Low-frequency fatigue at maximal and submaximal muscle 
contractions. Braz J Med Biol Res 2009 Apr;42(4):380-5. 

(33) Pornpimol Muanjai, Mantas Mickevicius, David A Jones 
(2020) Low frequency fatigue and changes in muscle 
fascicle length following eccentric exercise of the knee 
extensors. Exp Physiol 2020 Mar;105(3):502-510. 

(34) H Westerblad, S Duty, D G Allen (1993) Intracellular calcium 
concentration during low-frequency fatigue in isolated 
single fibers of mouse skeletal muscle. J Appl Physiol 1993 
Jul;75(1):382-8. 

(35) E R Chin, C D Balnave, D G Allen (1997) Role of intracellular 
calcium and metabolites in low-frequency fatigue of mouse 
skeletal muscle. Am J Physiol 1997 Feb;272(2 Pt 1):C550-9 

(36) Simeon P Cairns, Luke A G Inman, Caroline P MacManus 
(2017) Central activation, metabolites, and calcium 
handling during fatigue with repeated maximal isometric 
contractions in human muscle. Eur J Appl Physiol 2017 
Aug;117(8):1557-1571. 

(37) Christopher A. Hill, Martin W. Thompson, Patricia A. Ruell, 
Jeanette M. Thom, Michael J. White (2001) Sarcoplasmic 
reticulum function and muscle contractile character 
following fatiguing exercise in humans. Journal of Physiol 
(2001), 531.3, pp.871–878 

 
 
 


