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Introduction

During brief, high intensity exercise, rapid changes in metab-
olism and muscle function occur. This may result in an inability 
to maintain performance, force or required exercise intensity. 
These processes collectively contribute to the phenomenon of 
fatigue [1,2] investigated the influence of recovery duration on 
repeated maximal sprints. The exercise task was randomly as-
signed and consisted of five 6 sec maximal sprint bouts, on a 
cycle ergometer with either 30 or 60 sec recovery period be-
tween each sprint. The test protocol used was similar to that of 
the Wingate test [3].

Loadings were pre-determined to ensure that each subject 
would achieve the maximal power output attainable, while 
pedaling within the range of 150 to 160 rpm. 

The results demonstrated that the capacity to perform re-
peated 6 sec bouts of maximal exercise on cycle ergometers 
was markedly influenced by the preceding number of sprints. 
The study also highlighted that muscle contraction was depen-
dent on the ability to recover muscle performance following 

brief maximal intensity exercise. Effects of recovery duration 
on performance and fatigue during multiple treadmill sprints 
was investigated by [4]. Ten rugby union backs volunteered to 
participate in the study. A non-motorized treadmill was used 
for the sprint tests which allowed the subjects to run at unre-
stricted speeds. Fatigue was recorded as a decrease in running 
speed.

The experimental protocol consisted of ten 6 sec maximal 
sprints, with either a 30 sec or 60 sec recovery period between 
each successive sprint. The results obtained showed that per-
formance during brief duration, multiple treadmill sprinting 
was affected by both the recovery interval and by the preceding 
number of sprints. With 30 sec recovery only 5 sprints could 
be performed before fatigue influenced power outputs. Alter-
natively, 60 sec recovery duration enabled power outputs to 
be maintained throughout the duration of testing. The larger 
decrease in performance observed with the 30 sec recovery in-
terval may be due to an incomplete resynthesis of PC and a pos-
sible greater acidosis. This may have resulted from the limited 
time for translocation of Hydrogen Ions (H+) from the muscle 
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to blood. It has been suggested that H+ causes fatigue by either 
inhibiting energy provision from anaerobic glycolysis through 
moderating the activity of Phosphofructokinase (PFK) or by af-
fecting the contractile mechanism itself [1]. The maximal rate 
of energy expenditure cannot exceed the activity of the ATP 
hydrolyzing enzymes (i.e., muscle ATPase activity). Myofibrillar 
ATPase activity has been determined during maximal static con-
traction in skinned human muscle fiber to 0.10, 0.27 and 0.41 
mmol.l-1s-1 in type I, IIA and IIB fibers respectively [5].

Assuming a Q10 of 2, 3.3l of H2O per kg-1 dry mass of muscle 
and 2.7 times higher energy turnover during maximal dynamic 
exercise than static contraction [6]. It can be calculated that 
maximal ATP expenditure is 6.5, 17.6 and 26.6 mmol ATP kg-1 
dry mass in type I, IIA and IIB fibers, respectively. This value ap-
proximates to the value observed in mixed muscle during 10s of 
maximal cycling (15 mmol ATP kg-1 dry mass) [7]. 

It therefore seems plausible that the release of energy dur-
ing short bursts of activity (< 5 s) is not limited by the rate of ATP 
supply but by limitation in ATP hydrolysis.

The higher degree of PCr depletion [8] and plasma ammo-
nia (NH3) accumulation [9] during the initial phase of sprinting 
in sprint trained subjects support this contention. The amount 
of energy that can be produced from PCr is rather small and 
is limited by the intramuscular stores of PCr. Fast twitch fibers 
contain 15 - 20% more PCr than slow - twitch fibers [10] which 
is in accordance with the higher glycolytic capacity of this fiber 
type. With the maximal rate of PCr breakdown one would ex-
pect complete depletion of PCr within 10 s [7]. However, PCr 
breakdown can contribute to ATP generation for more than 20 
s because ATP is supplied from other energy sources and be-
cause energy expenditure decreases after a few seconds of con-
traction. Following 10 s of maximal exercise the power output 
decreases [11,8]. These first signs of fatigue have been shown 
to correlate with substantial decreases in muscle PCr. Based 
on thermodynamic considerations, the maximum rate of PCr 
breakdown and therefore ATP generation would fall when the 
PCr content decreases. Availability of PCr may therefore be a 
limiting factor for power output even before the muscle content 
of PCr is totally depleted. This may partly explain why power 
output decreases after 5 s of maximal cycling even though a 
considerable portion of PCr remains in the working muscle [12]. 
Maximal force is related to muscle PCr both during contraction 
and the recovery period. Similarly, after maximal cycling, peak 
power is restored with a similar time course as PCr [11]. 

Previous studies have demonstrated that the muscle store 
of total creatine (PCr + creatine) can increase by about 10-20% 
after oral creatine supplementation [13]. Creatine supplemen-
tation was shown to increase performance during high intensity 
exercise in some studies [14-16] but not in others [17,18]. 

Post - exercise hypoxanthine [16] and plasma NH3 [15] were 
reduced following creatine supplementation even though there 
was an increase in work performed. These findings support the 
hypothesis that limitations to energy supply are a major cause 
of fatigue during high intensity exercise. Based on the in vitro 
experiments of [20] and the in vivo experiments of Wilson et al. 
(1988) it has been suggested that increases in Pi may contribute 
to fatigue. Concomitant with the decline in PCr there is a stoi-
chiometric increase in Pi and the observed correlation between 

PCr and force during exercise and recovery may therefore be 
an effect of increased Pi and not energy deficiency per se [12]. 
However, creatine supplementation increases pre - exercise PCr 
[13] and therefore one could expect augmented release of Pi 
and an earlier onset of fatigue. The finding that performance is 
improved following creatine supplementation cannot be recon-
ciled with the hypothesis that increases in Pi is a major cause of 
fatigue [21]. 

Metabolic stress and high intensity exercise

Total stress response to exercise is reflected by the adrenal 
medulla response. This may be measured by the accumulation 
of Adrenaline (A) and Noradrenaline (NA). This increase may be 
markedly influenced by the effect of physical exertion, cold and 
emotional factors. Plasma catecholamine levels also increase as 
a result of both increases in the duration of exercise and the se-
verity of exercise [22]. The plasma concentrations of catechol-
amines have been shown to increase during different types of 
aerobic and anaerobic exercises [23].

However, it has been found that plasma adrenaline increase 
in heavy high intensity exercise may be higher than in aerobic 
exercise [24].

Different high intensity activities such as sprinting [25] and 
cycle ergometry [26,27] as well as heavy resistance exercise 
training [28] have all been found to elevate plasma catechol-
amine levels. At identical submaximal exercise levels several au-
thors observed [29] a lesser increase in free plasma Adrenaline 
(A) and Noradrenaline (NA) in endurance trained athletes than 
in sedentary subjects. Conversely, [30,31] found that endurance 
trained athletes compared to untrained ones exhibited not only 
similar plasma NA but also higher plasma A concentrations. 
Brief high intensity exhaustive exercise has been shown to in-
crease plasma catecholamine levels to values higher than those 
observed during aerobic activity [29]. Therefore, it may be pos-
sible that sprinters exhibit a higher adrenal response to sym-
pathetic activity. It has often been emphasized that feedback 
mechanisms are important for the hormonal response to exer-
cise [32]. A reduction in plasma glucose levels during exercise 
gives rise to an increase in the plasma concentration of adrena-
line, and it has been postulated that increasing adrenaline se-
cretion may function as a safety backup mechanism, preventing 
hypoglycemia and lack of substrate in the working muscle [31]. 
It seems, however, that rapid changes in endocrine and meta-
bolic responses found at the onset and the cessation of exer-
cise, occur too quickly to be explained by feedback mechanisms 
only. This may be partly explained by the direct stimulation 
from the motor centers of the brain, the feed - forward or cen-
tral command mechanisms which are also involved with respi-
ratory and circulatory regulation [33]. These mechanisms will 
also be active in substrate mobilization during exercise. Physical 
training may alter the hormonal response of several hormones 
to a given exercise workload. 

Conclusion

The release and rate of release of hormones are controlled in 
response to specific needs.

The rates of secretion should be related to their metabolic 
functions and needs of a particular circumstance i.e., whether 
high or low intensity [34]. 
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Previous experiments have demonstrated the importance 
of anaerobic glycolysis in the resynthesis of Adenosine Triphos-
phate (ATP) during high intensity performance. Exercise of this 
intensity although anaerobic, provides a severe challenge to 
the control of the cardiovascular system and elevates sympa-
thetic activity. The stimulation of glycogenolysis by adrenaline 
has been demonstrated, and significant correlations have been 
observed between ATP resynthesis and plasma adrenaline con-
centration [25]. These studies have also found that during maxi-
mal exercise large concentrations in circulating adrenaline and 
noradrenaline occur, suggesting increases in the stress response 
to high intensity performances. Knowledge of fatigue and stress 
mechanisms are important in the development of high intensity 
training programmes. This information also provides valuable 
knowledge in relation to fatigue and recovery profiles during 
and following high intensity exercise performances.

References

1. Hermansen L. Effect of metabolic changes on force generation 
in skeletal muscle during maximal exercise. Ciba Found Sympo-
sium. 1981; 82: 75-88.

2. Wootton SA, Williams C. The Influence of Recovery Duration on 
Repeated Maximal Sprints. Biochemistry of Exercise: Interna-
tional Series of Sports Science. Champaign Il: Human Kinetics. 
1983.

3. Bar-Or O. Le test Anaerobie de Wingate. caracteristiques et ap-
plications. Symbioses. 1981; 13: 157-172.

4. Holmyard DJ, Cheetham ME, Lakomy HKA, Williams C, et al. Ef-
fect of recovery duration on performance during multiple tread-
mill sprints, in Reilly, Lees, Davids and Murphy (eds) 1988. 

5. Stienen GJ, Kiers JL, Bottinelli R, Reggiani C. Myofibrillar ATP ase 
activity in skinned human skeletal muscle fibers: Fiber type and 
temperature dependence. Journal of Physiology. 1996; 493: 47-
57.

6. Potma EJ, Stienen GJM. Increase in ATP consumption during 
shortening in skinned fibers from rabbit psoas muscle: Effects 
on inorganic phosphate. Journal of Physiology. 1996; 496: 1-12.

7. Jones NK, McCartney N, Graham T, Spriet LL, Kowalchuk JM, Hei-
genhauser GJF, Sutton JM, et al. Muscle performance and me-
tabolism in maximal isokinetic cycling at slow and fast speeds. 
Journal of Applied Physiology. 1985; 59: 132-136.

8. Hiroven J, Rehunen S, Rusko H, Harkonen M, et al. Breakdown 
of high energy phosphate compounds and lactate accumulation 
during short supramaximal exercise. European Journal of Ap-
plied Physiology. 1987; 56: 253-259.

9. Hageloch W, Schneider S, Weicker H. Blood ammonia determi-
nation in a specific field test as a method of supporting talent 
selection in runners. International Journal of Sports Medicine. 
1990; 11: 56-61.

10. Soderlund K, Hultman E. ATP and phosphocreatine changes in 
single human muscle fibers following intense electrical stimula-
tion. American Journal of Physiology. 1991; 261: 737-741.

11. Nevill ME, Bogdanis GC, Boobis LH, Lakomy HKA, Williams 
C. Muscle metabolism and performance during sprinting, in 
Maughan and Shereffs (eds). 1996; 243-260.

12. Sahlin K, Tonkonogi M, Soderlund K. Energy supply and muscle 
fatigue in humans. Acta Physiologica Scandinavica. 1998; 162: 
261-266.

13. Harris RC, Soderlund K, Hultman E. Elevation of creatine in rest-
ing and exercised muscle of normal subjects by creatine supple-

mentation. Clinical Science. 1992; 83: 367-374.

14. Balsom PD, Ekblom B, Soderlund K, Sjodin B, Hultman E, et al. 
Creatine supplementation and dynamic high intensity intermit-
tent exercise. Scandanavian Journal of Science and Medicine in 
Sport. 1993; 3: 143-149. 

15. Greenhaff PL, Casey A, Short AH, Harris R, Soderlund K, Hultman 
E, et al. Influence of oral creatine supplementation on muscle 
torque during repeated bouts of maximal voluntary exercise in 
humans. Clinical Science. 1993; 84: 565-571.

16. Earnest CP, Snell RG, Rodriguez R, Almada AL, Mitchell TL, et 
al. The effect of creatine monohydrate ingestion on anaerobic 
power indices, muscular strength and body composition. Acta 
Physiologica Scandinavica. 1995; 153: 207-209.

17. Barnett C, Hinds M, Jenkins D. Effects of oral creatine supple-
mentation on multiple sprint cycle performance. Australian 
Journal of Science and Medicine in Sport. 1996; 28: 35-39.

18. Deutekom M, Beltman JGM, De Ruiter CJ, De Koning JJ, De Haan 
A, et al. No acute effects of short-term creatine supplementa-
tion on muscle properties and sprint performance. European 
Journal of Applied Physiology. 2000; 82: 223-229.

19. Cooke R, Franks K, Luciani GB, Pate E, et al. The inhibition of rab-
bit skeletal muscle contraction by hydrogen ions and phosphate. 
Journal of Physiology. 1988; 395: 77-79.

20. Wilson JR, Mc Cully KK, Mancini DM, Boden B, Chance B, et al. 
Relationship of muscular fatigue to pH and deproteinated Pi in 
humans: A 31P-NMR study. Journal of Applied Physiology. 1988; 
64: 2333-2339.

21. Woledge RC. Possible effects of fatigue on muscle efficiency. 
Acta Physiologica Scandinavica. 1998; 162: 267-273.

22. Åstrand PO, Rodahl K. Textbook of Work Physiology. New York: 
McGraw Hill Book Company. 1986. 

23. Galbo H. Autonomic neuroendocrine responses to exercise. 
Scandinavian Journal of Sports Science 8 1986; 1: 3-17. 

24. Kindermann W, Schnabel A, Schmitt WM, Biro G, Cassens J, We-
ber F, et al. Catecholamines, growth hormone, cortisol, insulin 
and sex hormones in anaerobic and aerobic exercise. European 
Journal of Applied Physiology 1982; 49: 389-399.

25. Cheetham M, Boobis L, Brooks S, Williams C. Human muscle me-
tabolism during sprint running. Journal of Applied Physiology. 
1986; 61: 54-60.

26. Gaitanos GC, Williams C, Boobis LH, Brooks S. Human muscle 
metabolism during intermittent maximal exercise. Journal of 
Applied Physiology. 1993; 75: 712-719.

27. Gratas Delamarche A, Le Cam R, Delamarche P, Monnier M, 
Koubi H, et al. Lactate and catecholamine responses in male and 
female sprinters during a Wingate test. European Journal of Ap-
plied Physiology. 1994; 68: 362-366.

28. Pullinen T, Nicol C, Mac Donald E, Komi PV, et al. Plasma cat-
echolamine responses to four resistance exercise tests in men 
and women. European Journal of Applied Physiology. 1999; 80: 
125-131.

29. Brooks S, Cheetham ME, Williams C. Endurance training and the 
catecholamine response to maximal exercise. Journal of Physiol-
ogy. 1985; 361: 81.

30. Kjaer M, Christensen NJ, Sonne B, Richter EA, Galbo H, et al. 
Effect of exercise on epinephrine turnover in trained and un-
trained male subjects. Journal of Applied Physiology. 1985; 59: 
1061- 1067.



www.jcimcr.org                Page 4

31. Kjaer M, Galbo H. Effect of physical training on the capacity to 
secrete epinephrine. Journal of Applied Physiology. 1988; 64: 
11-16.

32. Newsholme EA, Leech AR. Biochemistry for the Medical Scienc-
es. Chichester: John Wiley and Sons. 1983.

33. Rowell LB, Blackmon JR. Lack of sympathetic vasoconstriction 
in hypoxemic humans at rest. American Journal of Physiology. 
1986; 251: 562-570.

34. Brooks S, Burrin J, Cheetham ME, Hall GM, Yeo T, Williams C, 
et al. The responses of the catecholamines and the beta-endor-
phins to brief maximal exercise in man. European Journal of Ap-
plied Physiology. 1988; 57: 230-234.


