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Phosphagen System

ÅADP + CrP ź ATP + Cr

ÅLevels of ATP and CrP in muscle

ÅATP ~ 20-25 mmol x kg-1 dry mass

ÅCrP ~ 75-85 mmol x kg-1 dry mass

ÅMaximal rate of ATP turnover

Å~ 15 mmol x kg-1 dry mass x sec-1

ÅWithout the ability of CrP to buffer ATP 

levels, ATP depletion would occur within 

~ 1.5 seconds of maximal exercise
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What is Fatigue?

Åñany exercise-induced reduction in the 

ability to exert muscle force or power, 

regardless of whether or not the task 

can be sustainedò (Gandevia, 2001).



Force vs. Power Loss

Jones 1993



What is Fatigue?

ÅFatigue is correlated with, but not 
synonymous with:

ïPerformance

ïPacing

ïEndurance

ïLassitude

ïLethargy

ïTiredness



Is Fatigue All In Your Head?

ÅTravis W. Beck, University of Oklahoma

ÅJoel T. Cramer, University of Oklahoma

ÅTerry J. Housh, University of Nebraska



Central Governor Model

Åñéfatigue should no longer be 

considered a physical event but rather a 

sensation or emotion, separate from an 

overt physical manifestation  - for 

example, the reduction in force output 

by the active musclesò (Noakes et al, 

2005)



Central Governor Model

ÅñPeripheral Fatigueò serves only as a 

source of sensory feedback to the CNS, 

so that loss of contractile performance 

per se is not the cause of fatigue or 

regulator of performance.



Skeletal Muscle Rigor

ÅñPerhaps the most interesting question 

in exercise physiology is the one that is 

not often asked: why do muscles not 

develop rigor during exercise of high 

intensity and short duration (seconds to 

minutes) or when their fuel reserves are 

depleted during more prolonged 

exercise lasting two or more hours?ò 

(Noakes et al BJSM 2004)



Why No Rigor With Fatigue?

ÅCGM: the CNS regulates MU 
recruitment so that ATP consumption 
and production are matched, thus 
preventing rigor.

ÅDown Regulation Theory: muscle 
fatigue serves as a protective 
mechanism to prevent catastrophe 
(rigor) from occurring during high 
intensity exercise. 
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Potential Sites of Fatigue
ÅCentral Nervous System
ïBrain

ïSpinal Cord

ÅNeuromuscular Junction

ÅSkeletal Muscle
ïSubstrate depletion (CrP, ATP, Glycogen)

ïMetabolite accumulation (Lactate-, H+, Pi, 
NH4

+)

ïExcitation Contraction Coupling
ÅAP propagation (K+ efflux, Na+-K+ATPase 

pumps)

ÅCa++ release from the sarcoplasmic reticulum



Pharmacological, Nutritional, and 

Supplement Strategies
ÅCaffeine

ÅN-acetylcysteine (NAC; anti-oxidant)

ÅH+ buffering

ÅHCO3
-

Å -alanine/carnosine

Å Creatine

Å COX-2 inhibition (attenuates increase in core temp)

Å Ribose

Å CHO loading

ÅWater

Å Aspartate

Å EPO/Blood Doping



Re-Thinking Lactate



Peak Lactate- Concentrations

ÅElite Kenyan male distance runners 
post-VO2max test ~ 10 mM (VO2max = 
78 ml·kg-1·min-1)

ÅCyclists ïVO2max test

ïElite amateur ~ 9.4 mM (VO2max = 73 
ml·kg-1·min-1; peak power = 428 watts)

ïProfessional (Tour de France) ~ 7.4 mM 
(VO2max = 73.9 ml·kg-1·min-1; peak power 
= 466 watts)

ïLance Armstrong ~ 6.5-7.5 mM



blood lactate- responses to Wingate test

Calbet et al JAP 2003
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Soccer game

Mean = 6.0 + 0.4 mM Mean = 5.0 + 0.4 mM

Krustrup et al MSSE 2006



Krustrup et al MSSE 2006



Lactic Acid or Lactate-?

Robergs et al, 2004



Lactate- or Lactic Acid?

ÅHumans produce almost no ñlactic acidò, 

instead humans produce lactate-

ÅG-6-P Ÿ pyruvic acid Ÿ lactic acid Ÿ lactate- + H+, or

ÅG-6-P Ÿ pyruvate- Ÿ lactate-

ÅThe Ź pH (acidity) that occurs with high 

intensity exercise does not come from lactic 

acid production 

ïATP hydrolysis

ïglycolytic flux

ïWater (Stewart model)



Does Acidity Cause Fatigue?

ÅPerhaps not at physiologic 

temperatures

ÅEffect may not be important unless with 

extreme pH decreases.

ÅOther potential fatigue agents

ïPi

ïAmmonia

ïSubstrate depletion Ÿ Ź ATP turnover

ïExtracellular K+ accumulation



Lactate- and Fatigue?

Green et al EJAP 2005



Interpret Lactate With Caution

Åmuscle versus blood

Åcapillary vs. venous blood

Åwhole blood versus plasma

Åfully lysed red blood cells?



Peripheral Fatigue ïBeyond 

Lactic Acid

ÅInorganic Phosphate (Pi)

ÅExtracellular K+ accumulation

ÅMyofibrillar Fatigue ïindependent of 

muscle activation and metabolite 

accumulation

ÅFree Radicals



A: direct effect on myofibrils, 
Ca++ sensitivity

B: effect on Ca++ regulation 

by the SR

Westerblad et al NIPS 2002



Allen et al JAP 2008



Does MU Activation Decline With 

Fatigue?



Newham et al 
JAP 1991



Millet et al Can J Appl Physiol 2003
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Voluntary activation:
Before = 99.4%
After = 98.4%

(twitch interpolation)


