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ABSTRACT 

It has been suggested that during exhaustive exercise both a central and peripheral 

mechanism of fatigue exists. Indeed, a central debate in the exercise science literature is 

the nature of fatigue that determines exercise performance under different conditions 

(Swart et al., 2009a). Hypoxia, for example, has a small but direct role on the cessation of 

exercise, specifically during endurance performances (Millet, Aubert, Favier, Busso, & 

Benoit, 2008; Secher, Seifert, & Van Lieshout, 2008). Numerous studies to date have 

provided new information related to the factors implicated in short-term high intensity 

exercise, while more studies of a longer nature (endurance time trials), measuring central 

and peripheral fatigue factors simultaneously, and under hypoxic conditions, are needed 

to add additional information to guide our understanding of the mechanisms involved in 

central and peripheral fatigue. This thesis represents a contribution to the much needed 

research within this area. Four key papers, separated into four chapters, discuss this 

research in this thesis.  To investigate these effects, an integrative physiological approach 

was used by including muscle and cerebral oxygenation changes (NIRS), cardiovascular 

and pulmonary responses and blood biochemistry during cycling exercise in a normoxic 

and hypoxic environment. The primary inference of this thesis is that in hypoxia the brain 

is protected and the muscle is in need of a similar oxygenation and extraction to do less 

work; a finding that contributes to the support of previous speculations in the literature. A 

secondary inference of this thesis is that a difference in the pattern of oxygenation 

between continuous and incremental exercise exists; a finding that has not been 

previously identified in the literature. The findings from this study have therefore 

furthered our understanding of the nature of fatigue, specifically in endurance exercise 
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under acute hypoxic conditions, and the relationship between the central and peripheral 

factors associated with fatigue. 
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CHAPTER 1 

LITERATURE REVIEW 

 Over the last 10 years there has been an increased interest in what physiological 

mechanisms (central versus peripheral versus integration of both) and what factors alter 

or contribute to fatigue during high intensity endurance performance. The central versus 

peripheral debate is on-going and extensive, and is best understood via an in-depth 

review of the existing literature. Most recently an integration of central and peripheral 

factors, rather than central versus peripheral, has been considered (Cairns, 2011; Mauger, 

Jones, & Williams, 2010). External factors affecting the development of fatigue are 

extensive, and are thought to include environment (e.g. hypoxia, temperature), feedback 

(e.g. physiological, performance), and motivation. Researchers have attempted to answer 

this question using a variety of protocols (i.e. constant-load, incremental, time trial, 

maximal voluntary contraction) and techniques (i.e. near-infrared spectroscopy, 

transcranial Doppler, electromyography, interpolated twitch).  

PERIPHERAL FATIGUE   

 Fatigue has been defined as a reversible reduction in force or power generating 

capacity of the neuromuscular system and extended to include acute impairments of 

performance during exercise (Amann & Calbet, 2008). Amann and Calbet (2008) offer 

this definition: “peripheral fatigue comprises processes at or distal of the neuromuscular 

junction”. This definition is in agreement with the classical model (i.e. catastrophic) 

which is based on the proposal that exercise is only limited after oxygen delivery to the 
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working skeletal muscle becomes inadequate, inducing substrate depletion and 

anaerobisis, and thus metabolite accumulation/changes (Mitchell & Blomqvist, 1971; 

Noakes, Peltonen, & Rusko, 2001). St Clair Gibson and Noakes (2004) note the 

metabolite changes and substrate depletion that is believed to cause peripheral fatigue, 

which include: (a) increased lactic acid (La
-
) concentrations, (b) decreased potential 

Hydrogen (pH), (c) depletion of adenosine triphosphate (ATP) and creatine phosphate 

(PCr), (d) accumulation of adenosine diphosphate (ADP), inosine monophosphate (IMP), 

and inorganic phosphate (Pi), (e) changes in skeletal muscle sodium (Na+) and potassium 

(K+) ATPase pump, and (f) sarcolemmal, t-tubule, and sarcoplasmic reticulum (SR) 

calcium (Ca+) mediated functional changes. The changes in metabolites (La-, ADP, Pi 

and hydrogen ions [H+]) are known to cause failure of the excitation-contraction 

coupling (ECC) within the muscle; ECC failure is associated with the direct inhibition of 

the contractile apparutus or disruption of Ca+ release and uptake within the SR (Amann 

& Calbet, 2008).  These metabolite changes, and consequential failure of ECC, can 

contribute to an immediate decrease in tension development within the muscle (Amann & 

Calbet, 2008; Weir, Beck, Cramer, & Housh, 2006). Weir and colleagues (2006) also 

criticise the depletion of ATP and PCr as a proximate cause of fatigue as at least some 

ATP is produced from oxidative phosphorylation under all exercise conditions. 

Westerblad and colleagues (2002) report the decreasing effect of Ca+ release within the 

SR due to the accumulation of Pi which thus, impairs contractile function and includes: 

(a) reducing sensitivity, (b) increasing the open probability of the release channels, (c) 

inhibiting uptake, and (d) precipitating together (Ca+ & Pi). Changes in skeletal muscle 
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Na+ and K+ ATPase pumps is a “causative factor in fatigue via cellular membrane 

depolarization and inexcitability” (McKenna & Hargreaves, 2008).  

 Recent literature argues that if the peripheral model were true there would be a 

required period of rest for the metabolic crisis to be reversed  (St Clair Gibson & Noakes, 

2004) and muscle rigor would develop as soon as the rate of ATP production falls  

(Noakes, St Clair Gibson, & Lambert, 2004). It is disputed that rigor mortis does not 

occur in pre-mortem humans, thus the fall in ATP production, although admittedly not 

perfectly stable, is not sufficient enough to cause rigor (Weir et al., 2006). Noakes and 

colleagues (2004) note that for the peripheral theory to be true the following requirements 

would also have to be fulfilled: (a) a plateau in maximal oxygen consumption (VO₂max), 

(b) onset of skeletal muscle anaerobisis, (c) a maximal cardiac output, (d) complete 

recruitment of all available motor units, and (e) identical concentrations of inhibitory 

metabolites in maximally recruited muscles. St Clair Gibson and Noakes (2004) offer 

three lines of evidence that suggest all motor units are not fully recruited: (a) muscles 

artificially stimulated at higher frequencies than maximal voluntary contraction (MVC) 

produce greater force output, (b) even electrical stimulation may not reveal absolute 

MVC, and (c) isometric/concentric, typically used contractions,  MVC produce less force 

than eccentric MVC. These examples suggest some sort of neural mechanism is operating 

which has been termed ‘recruitment reserve’ (St. Clair Gibson & Noakes, 2004). 

 Further, there are many arguments that dispute the harmful effect of increased La
-
 

during exercise. Faria and colleagues (2005a) state that “while many have come to accept 

[the] positive facets of lactate metabolism, some individuals continue to believe that these 
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benefits come at the cost of increasing acidosis whose genesis is lactic acid ”. As such, 

the importance of considering the effects of lactate and H+ ions on muscle fatigue must 

be considered separately (Cairns, 2006).  

 As discussed previously, once the depletion of PCr stores occurs, ATP must be 

produced, and consequently pyruvate, from other fuels, such as glucose (Cairns, 2006). 

This glucose is derived from blood glucose or muscle glycogen and produces ATP via the 

process of glycolysis or glycogenolysis, respectively (Robergs, Ghiasvand, & Parker, 

2004). Pyruvate is oxidized in the mitochondria during lower intensity exercise; however, 

during higher intensity exercise the mitochondria is unable to oxidize all of the pyruvate, 

and thus the construct of what pyruvate is left is converted to lactate and H+ production 

(i.e. acidosis) was developed (Cairns, 2006). However, attention has been focused on 

correcting the construct that pyruvate releases an H+ and causes acidosis (Robergs et al., 

2004). With an in depth review of biochemistry Robergs and colleagues (2004) show that 

in fact “when the pyruvate from glycolysis is converted to lactate, there is no net 

production of protons when starting with glucose, and a decrease in one proton and a gain 

of an additional ATP when starting with glycogen”. Rather, the process of ATP 

hydrolysis is the source of the 2 H+ protons, not lactate production; the acidosis that 

occurs is therefore metabolic, not lactic (Robergs et al., 2004).  It was suggested more 

recently that Pi, rather than acidosis, appears to be a more important factor on peripheral 

fatigue; Pi may enter the SR and bind to Ca+ to form precipitate, thus reducing the 

amount of releasable Ca+ which will perturbe ECC mechanism, as discussed previously 

(Amann & Calbet, 2008). Indeed, Robergs and colleagues (2004) also discuss the 
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misconception of the buffering potential of Pi on ATP hydrolysis to prevent H+ build up; 

Pi production is not proportional to ATP hydrolysis thus causing the proton release and Pi 

accumulation. This finding is in agreeance with the effect of Pi on peripheral fatigue and 

ATP hydrolysis as the source of metabolic acidosis. In further justification, Robergs and 

colleagues (2004) quote Busa and Nuccitelli (1984): “ATP hydrolysis, not lactate 

accumulation, is the dominant source of the intracellular acid load accompanying 

anaerobisis”.  

 Once the myth of ‘lactic acidosis’ has been dispelled, it is possible to discuss the 

benefits of lactate and La- during exercise. It is suggested that La
-
 may counteract the 

effects of high K+, acting as a fuel source rather than a metabolic byproduct, thus 

protecting against fatigue (Lambert, St Clair Gibson, & Noakes, 2005). Nybo (2002) 

supports the notion that during exercise the brain circulates La
- 
as metabolic fuel. 

Dalsgaard and Secher (2007) also note  that lactate is taken up by the brain and 

metabolized insofar as it does not accumulate within the cerebrospinal fluid or the brain 

tissue, thus being included in the metabolic ratio (MR; relates the brain oxygen uptake to 

that of carbohydrate) as oxygen, and therefore is not a prerequisite for the reduction in 

MR at fatigue.  

 Specific to the mode of exercise of this study, it is stated that “every aspect of 

lactate production is shown to be advantageous to cycling performance”; the researchers 

go on to discuss the importance of lactate reaction in maintaining glycolysis (Faria et al., 

2005a). The reaction Faria and colleagues refer to is the potential for oxidation-reduction 

that sustains ATP production intramuscularly (Cairns, 2006).  The work of Donovan and 
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Brooks (1983) is mentioned in recent literature and demonstrates the significance of 

lactate as a gluconeogenic substrate (i.e metabolic fuel), specifically during intense 

exercise in trained individuals, and is referred to as the  ‘lactate shuttle hypothesis’ 

(Cairns, 2006; Faria et al., 2005a).  Robergs and colleagues (2004) also state the essential 

need for lactate in the regeneration of ATP via glycolysis. Further advantages of lactate 

on performance: (a) maintains cytosolic oxidation-reduction, (b) produce new glucose, 

(c) consume H+ from the cytosol, and (d) allow transport of H+ from the cell (Faria et al., 

2005a).  

 The work of breathing is a known mechanism of peripheral fatigue in respiratory 

muscles. Hyperventilation due to heavy sustained exercise causes an increase in 

respiratory muscle work leading to diaphragm and expiratory muscle fatigue  (Amann & 

Calbet, 2008). Fatigue of the diaphragm and expiratory muscles not only stimulates an 

accumulation of metabolites similar to that previously discussed, but also causes an 

increase in oxygen to the respiratory muscles (i.e. competition for a limited cardiac 

output) (Amann & Calbet, 2008). However, it should be noted, that at workloads below 

85% VO₂max human performance is not limited by respiratory fatigue (Johnson, Aaron, & 

Dempsey, 1996). It is also known that fatiguing the respiratory muscles with a respiratory 

maneuver, known to cause voluntary isocapnic hyperpnoea, pre-exercise (cycling) 

decreases oxygenation (near infrared spectroscopy [NIRS]) in the respiratory muscle and 

vastus lateralis but not the pre-frontal cortex (Keramidas, Kounalakis, Eiken, & 

Mekjavic, 2011). This finding confirms that the work of breathing is a mechanism of 

peripheral fatigue. 



7 

 

 

 

  It is indicated in the literature that there are strategies to limit the amount of 

respiratory fatigue, even during heavy sustained exercise. In trained cyclists a unique 

breathing pattern is adapted that allows an increase in ventilation through increasing tidal 

volume rather than increasing breath frequency (i.e. lack of tachypnoeic shift) (Faria et 

al., 2005a). The more efficient breathing pattern may reduce the oxygen cost  (~15% of 

VO₂max) of breathing that  compromises  blood flow to the working leg muscle as would 

normally occur in response to exercise (Faria et al., 2005a). It has been suggested that in 

fit (trained) individuals there may be a training effect on the diaphragm; although the 

diaphragm still reaches a point of fatigue, the fatigued diaphragm can perform more work 

in the fatigued state in a trained individual (Johnson, Aaron, & Dempsey, 1996).  Romer 

and colleagues (2002) went on to show that even trained individuals show some fatigue 

related to the work of inspiratory muscles, of which can be diminished via inspiratory 

muscle training involving 30 dynamic inspiratory efforts twice daily for 6 weeks. 

CENTRAL FATIGUE 

As an alternative to the peripheral fatigue model, researchers have also defined 

central fatigue to explain the limitations to exercise performance. For example, Secher 

and colleagues (2008) state that “central fatigue is a manifestation of the inability to 

maintain rather than inability to generate force”. Amann and Calbet (2008) suggest that 

central fatigue comprises failure of the central nervous system (CNS) to ‘drive’ the 

motoneurons adequately. More recently, Swart and colleagues (2009b) refer to the “ so-

called central fatigue [model, which] proposes that related chemical changes in the brain 

alter cerebral function reducing the ability to maintain central motor drive (CMD) to the 
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exercising muscles. This model is also catastrophic because the cerebral changes are 

considered to be an inevitable consequence of the exercise behaviour and are therefore 

neither foreseeable, controllable, nor preventable”.  Thus, central fatigue refers to the 

diminution in performance (e.g. reduction in power output) that occurs to prevent harm to 

the peripheral muscle and body as a whole, rather than the moment of exhaustion or task 

failure per se.   

 The rebuttal to the theory of peripheral fatigue began when Hill and colleagues 

(1924a;1924b) stated that “... the limit to which the muscles may be driven, while 

breathing air, is set, not so much by the exhaustion of the muscles themselves as by the 

distress (cardiac and cerebral)...” (Noakes, Peltonen, & Rusko, 2001). It was historically 

proposed by Hill and colleagues (1924a; 1924b) that there is a mechanism, in the heart or 

in the nervous system, which acts as a ‘governor’ to protect the heart from ischaemia by 

coordinating the output of the heart with the degree of saturation of the blood leaving it  

(Noakes et al., 2001).  This proposal of a ‘governor’ was superseded by Italian 

physiologist A. Mosso who concluded that the two factors contributing to the “most 

marvelous perfection” that is fatigue are “…central origin and purely nervous” and 

“…periperal, and is the chemical force” (Mosso, 1915); A.V. Hill’s background and 

preconceptions influenced his interpretation of these results, and thus the development of 

his theory (Noakes, 2012). Regardless, Hill’s theory served as a basis for the ‘central 

governor hypothesis’ (CGH) as proposed by Noakes and colleagues. However, the CGH 

is based on the more recent evidence that there is always motor unit ‘recruitment reserve’ 

(i.e. not all available motor units are recruited, as thought in peripheral fatigue theories) 
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indicating that the CNS regulates the extent of muscle motor unit recruitment to avoid 

catastrophe (Noakes, St Clair Gibson, & Lambert, 2004).  Thus, correctly stated “the 

CGM [central governor model] predicts that the VO2max is regulated (not limited) by the 

(submaximal) number of motor units recruited in the exercising limbs” (Noakes & 

Marino, 2009).  

 ‘Recruitment reserve’ is possible due to a process termed motor unit 

substitution/rotation in which muscle recruitment strategies for the entire limb are altered 

or different muscle fibres in the same muscle group are recruited at different times  (St. 

Clair Gibson & Noakes, 2004). Altenburg and colleagues (2007) state that “one of the 

mechanisms by which a muscle can regulate force is by changing the number of activated 

motor units”. That is, small and slow fatigue resistant Type I fibers are recruited at levels 

requiring less force, while big and fast fatigable fibers Type IIa and IIx are recruited at 

levels requiring more force (i.e. ‘size principle’) and is adaptable dependent on 

contraction type and intensity (Altenburg et al., 2007).  ‘Recruitment reserve’, or 

alternatively, ‘reserve capacity’ or ‘muscle wisdom’ refers to the regulation of the CNS 

presumed to prevent damage to the muscles, organs,and overall, the catastrophic failure 

of homeostasis (Allen, Lamb, & Westerblad, 2008; St. Clair Gibson & Noakes, 2004; 

Swart et al., 2009a; 2009b). 

 It is thought that the CNS regulation is controlled by: (a) feed forward regulation 

from higher cortical structures, (b) reflex inhibition of efferent neural command by type 

III and IV chemoreceptors reacting to changes in peripheral substrate or metabolite 

concentrations, or (c) input from skeletal/cardiac/respiratory mechanoreceptors (Noakes 
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et al., 2004). Feed forward regulation refers to the “neural mechanism that triggers 

signals contributing to the perception of fatigue depending on the magnitude of central 

command” (Calbet, 2006). Thus, feed forward regulation works in conjunction with 

feedback to alter the rate of perceived exertion (RPE), in anticipation of avoiding fatigue 

(Faulkner, Parfitt, & Eston, 2008). RPE is the subjective perception of effort that is 

casually linked to physiological variables (Tucker, 2009). Alternatively, the duration of 

exercise that has been completed and/or remains to be completed is measured by the RPE 

(Noakes, 2011). 

It is generally accepted that group III and IV muscle afferents potentially inhibit 

central motor output and voluntary muscular performance via a reduced activation of the 

motorneuron pool  (Amann, Eldridge, Lovering, Stickland, Pegelow, & Dempsey, 2006). 

Group III and IV muscle afferents are myelinated and unmyelinated peripheral nerve 

fibers (i.e. thin-fiber muscle afferents) that connect Aδ and C-polymodal nociceptors, 

found throughout the muscles, to the dorsal horn in the spinal cord from which impulses 

ascend to the brain; ascending pathways feed into subcortical and cortical structures 

including the thalamus, limbic system, and pre-frontal cortex  (Amann, 2011; Amann & 

Dempsey, 2008). The insular region has also been found to receive input from the 

periphery (Williamson, Fadel, & Mitchell, 2006) during fatiguing exercise and is thought 

to be in “direct communication with the motor cortex” (Hilty, Langer, Pascual-Marqui, 

Boutellier, & Lutz, 2011; Noakes, 2012).  The primary and secondary motor cortices of 

the brain then consequently experience a ‘disruption’ when processing a large amount of 

ascending fatigue signals and thus, a ‘disruption’ in “forming continuously new 
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descending commands to drive the fatiguing muscle to maintain desired muscle output” 

(Peltier et al., 2005).   

 The CGH does not go without critique or rebuttal; it has been the topic of a heated 

debate in recent literautre. A study by Brink-Elfegoun and colleagues (2007) has been 

interpreted in two ways; one in support of CGH, the other in rebuttal. In this particular 

study it was found that less total work at a higher mean work rate was achieved at 120% 

of VO2max than at 100% of VO2max; the higher mean work rate was achieved via a higher 

blood pressure, as the cardiac output, stroke volume, and heart rate remained the same. 

Thus, exercise at 100% of VO2max occurred at a submaximal level of skeletal muscle 

recruitment and the extent of this recruitment determines the cardiac output and not the 

opposite (i.e. the difference between the original theory proposed by Hill and colleagues 

and the revised theory by Noakes and colleagues) (Noakes & Marino, 2009). However, 

Ekblom (2009) attempts to disprove the two central ideas of CGH via the same study. It 

is argued that there was found to be an increase in the recitified electromyography 

(rEMG)  signals during the plateau phase of  VO2max at the different maximal rates of 

work, with no differences in the value of the VO2max. Thus, “if there was a central 

governor the rEMG  would not have increased during the increasing rate of work” 

(Ekblom, 2009). As well, since the systolic and mean arterial blood pressure were higher 

the product of cardiac output and blood pressure was also higher at the higher work rate, 

suggesting the VO2max is not limited by the heart working at maximal capacity as 

theorized by the CGH. 
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 In the CGH, it is suggested that this governor acts to protect the heart from 

ischemia. Foster and Lucia (2009) agree that limitations of cardiac output can reasonably 

be limited centrally by altered heart function as to “losses of contractility secondary to the 

potential myocardial ischemia that Noakes correctly suggests must be avoided”.  

However, it is argued that within some individuals, such as the elderly and ultra-

endurance athletes,  myocardial ischemia is manifested. This would not be possible if 

indeed there was a central governor (Shephard, 2009). This may be vaguely supported by 

a study involving rats, in which the exercising rats showed a reduced VO2max and running 

capacity after induced left ventricular myocardial infarction;  this suggests a cardiac 

pump dysfunction since the rats are able to continue  incremental exercise to a VO2max 

plateau despite already being ischemic (Kemi, 2009). It must be noted that a similar 

occurrence in the ischemia studies is a particular population (i.e. elderly, highly trained 

athletes); although not completely futile, it is perhaps suggested that more research with 

different populations may be more reliable and valid, and thus, generalizable. 

 The ‘central governor’ model was later proposed to be revised as the ‘central 

integrative’ model by Noakes and colleagues (Noakes et al., 2004), as there was more 

prominent evidence showing that exericse is limited not by a single component but rather 

by an intelligent, complex system (Noakes & Marino, 2009). However, before proposing 

the revisal of the ‘central governor’ model, Noakes and colleagues discussed existing 

models of central fatigue and the hypotheses these models were based on (of which 

would prevent the terminal metabolic crisis from occuring, as predicted by peripheral 

fatigue models)  (St Clair Gibson & Noakes, 2004). At first it was thought that changes in 
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concentration of brain neurotransmitters, such as: (a) increased serotonin, (b) decreased 

dopamine and acetylcholine, and (c) increased cytokines and ammonia, was ‘toxic’ and 

would impair any conscious desire to recruit more motor units. Secondly, it was thought 

that fatigue was not caused by ‘toxic’ metabolic processes but rather was an active neural 

process which serves to prevent absolute fatigue and subsequent organ damage.  

 The ‘central integrative’ proposal suggests that the brain performs subconscious 

calculations of metabolic costs as influenced by the current physical state and the 

environment which allows a selection of an optimum pacing strategy to complete the 

activity efficiently while maintaining homoeostasis and metabolic/physiological reserve 

(St Clair Gibson & Noakes, 2004). Pacing, as defined by Siegel and Johnson (2002), is 

the regulation of exercise intensity to optimize race performance. Indeed, it is suggested 

that pacing is an important physiological mechanism to minimize the adverse conscious 

sensations of fatigue (Lander, Butterly, & Edwards, 2009). Thus, the ‘symptom’ of 

fatigue is a cognitive function projected from the subconscious calculations to the 

conscious brain and the physical state of exhaustion is relative rather than absolute 

(Noakes et al., 2004; St Clair Gibson & Noakes, 2004). Alternatively, Marcora (2008; 

2009) disregards the subconcious calculations and proposes the ‘psychological-

motivational model’ which suggests rather that the conscious brain, with no help from a 

central governor, regulates exercise tolerance based on motivation and RPE. However, 

RPE, as defined by Tucker (2009) is “the conscious/verbal manisfestation of the 

integration of (these) psychological and physiological cues” of which are subconscious 

(i.e. signals from muscles, central cardiovascular and respiratory functions, and the CNS). 
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The ‘central integrative’ model would serve as an extension of  

‘teleoanticipation’ (Ulmer, 1996) which describes central control as a ‘black box 

calculation’ which acts as a standard feedback loop (Lambert et al., 2005). The feedback 

loop would include efferent and afferent signals: efferent signals contain information on 

motion, force output, time, and muscle metabolism (thus, determining exercise intensity) 

and afferent signals contain information from chemoreceptors, mechanoreceptors, 

somatosensory, and peripheral organs (Lambert et al., 2005). However, afferent signals 

can be altered by: (a) training, (b) muscle reserve, (c) muscle metabolic rate, and (d) prior 

antecedent events (Lambert et al., 2005; Noakes et al., 2004).  Tucker and Noakes (2009) 

perhaps state it most adequately: “ It has been suggested that the pacing strategy is a key 

component of a proposed teleoanticipatory system, in which the brain anticipates the 

endpoint of exercise (telos = ‘end’) and then regulates exercise intensity and alters the 

adopted pacing strategy specifically to ensure that potentially catastrophic derangements 

to homeostasis do not occur”. RPE, as discussed previously, is currently thought to be the 

integrator of afferent information from various physiological/psychological systems and 

is utilised as a mediator for pacing strategies (Tucker, 2009).  

Swart and colleagues (2009a) showed that the teleoanticipatory strategy 

governing exercise bouts are in fact adaptable and dynamic. Certainty about the endpoint 

and duration of exercise alters the progression of RPE and the manner in which afferent 

signals are interpreted in both a feedback and feed forward manner by the brain (Joseph 

et al., 2008; Swart et al., 2009b).  Knowledge of duration is important as it allows for 

adoption of different pacing strategies; long durations (endurance) typically begin with 
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higher power outputs, followed by a reduction mid-trial, with a significant increase near 

the end, known as an ‘endspurt’ (Tucker & Noakes, 2009). When distance or duration 

feedback is falsified, a significant impairment in performance is known to occur, 

provided the difference in distance or duration is significantly large enough (Tucker & 

Noakes, 2009). Distance feedback, even if inaccurate, is still shown to be useful in 

developing a pacing strategy, even if overall performance is impaired.  During a 20km 

time trial (20TT) where feedback was either blinded, accurate, or false, only the trials 

with feedback (accurate or false) showed an ‘endspurt’  in the last 2kms (Micklewright, 

Papadopoulou, Swart, & Noakes, 2010). Others have suggested that distance feedback 

may not play as critical of a role as distance, duration and prior experience in obtaining a 

successful pacing strategy (Mauger, Jones, & Williams, 2010). An ‘internal clock’, 

situated in the brain, works in a scalar fashion based on relative distances created 

subconciously to estimate distance remaining; these ‘virtual’ distances become more 

acurate with prior experience (Mauger, Jones, & Williams, 2009). However, the findings 

by Mauger and colleagues may only apply to shorter distance time trials, as the distances 

used were 4 and 6kms.  

However, it is suggested that an even distribution of power output during 

endurance activities is physiologically optimal, specifically in conditions of varying 

gradient (Ham & Knez, 2009). The theory is that the higher initial power output seen in 

‘endspurt’ pacing strategy can result in increased blood lactate concentrations which may 

impair performance during the remainder of the event (Mattern, Kenefick, Kertzer, & 

Quinn, 2001). Ham and Knez (2009) found indirect evidence that time to exhaustion was 
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significantly higher in participants who rode at the average power output of a 30km time 

trial with a fast start, as compared to an even start.  Despite the suggestion that even-

pacing is the best strategy, it has been shown that power outputs (measured every 12-

18seconds) during self-paced 20TT change non-monotonically and show an ‘endspurt’ 

(Tucker, Bester, & Lambert, 2006).  Interestingly, the ‘endspurt’ that is common in lab 

studies and world events questions the current understanding of fatigue (i.e. inability to 

maintain work rate), as the athlete cannot possibly be fatigued if they are able to increase 

work rate at the end of the exercise duration (Noakes, 2011).  In addition to the certainty 

about the endpoint and duration of exercise, changes in the external environment (i.e. 

temperature, oxygen content of inspired air, and muscle glycogen content) known to alter 

phsyiological variables also alter the pacing strategy (Tucker & Noakes, 2009).  

 Noakes and colleagues (2005) conclude their justification for the proposed 

‘central integrative’ model, and rebuttal of peripheral fatigue models, with the following 

supporting remarks:  

“(a) fatigue occurs without any evidence of related failure of whole body 

homeostasis, (b) majority of available motor units are inactive at the point of 

perceived exhaustion, (c) fatigue is not a physical event but rather a sensation or 

emotion, (d) there is a rapid adoption of pacing strategy shortly after onset of 

exercise, and (e) peripheral metabolites are not merely by-products but act as 

signallers that assist the CNS in pacing.” 
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More recently, Noakes (2011;2012) goes on to justify the CGM yet again with an in-

depth review of current research supporting  the CGM. He goes on to conclude with four 

novel concepts predicted by the CGM: (a) Pacing (i.e. goal of maintaining homeostasis 

and preventing catastrophe), not fatigue, should be the focus of research for exercise 

scientists, (b) multiple, independent, feed forward and feedback systems influence central 

motor drive, of which pacing is the conscious outcome, (c) fatigue ensures that 

homeostasis is maintained, and is a ‘sensory percception’ expressed by a change in 

pacing strategy, and (d) the brain ensures exhaustion occurs before homoeostasis is 

challenged, thus preventing catastrophe (Noakes, 2011).  
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Figure 1.1. ‘Central Governor Model’. Reprinted from “Time to Move Beyond a 

Brainless Exercise Physiology: The Evidence for Complex Regulation of Human 

Exercise Performance” by Timothy Noakes, 2011. Applied Physiology, Nutrition, and 

Metabolism,36, p. 30.    
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 A new theory, termed ‘individual critical threshold’, of which it is hypothesized 

that the CNS receives ‘news’ from the fatigued peripheral muscles via afferent feedback 

and thus central fatigue is developed causing a reduction in CMD before the peripheral 

muscles are truly fatigued (Figure 1.2; Amann, 2011). This study had cyclists develop 

different levels of pre-existing fatigue (none[control], moderate, or severe) prior to a 5km 

time trials (5TT); peripheral fatigue at the end of the 5TT was identical regardless of the 

level of pre-existing fatigue, supporting the hypothesis that the CNS ‘chose’ the level of 

CMD in each race to allow the participants to reach their ‘individual critical threshold’. 

To further confirm this finding, the researchers went on to compare 5TT between a 

control trial and one where muscle afferent ‘news’ was blocked from reaching the CNS 

via fentanyl (an opioid analgesic); the CMD was less restricted during the fentanyl trial, 

allowing the ‘naive’ CNS to develop peripheral fatigue past the ‘individual critical 

threshold’ resulting in ambulatory problems post 5TT (Amann, 2011).    
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Figure 1.2 . Model of ‘Individual Critical Threshold’. Reprinted from “Central and 

Peripheral Fatigue: Interaction during Cycling Exercise in Humans” by Markus Amann, 

2011. Medicine & Science in Sports & Exercise, p. 2040.   
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 Tucker (2009) goes on to suggest that RPE is not simply a integrator but rather a 

crucial component that is responsible for the mediation of anticipatory adjustments in 

intensity and the decision to volitionally terminate exercise in an attempt to finish 

exercise safely with no risk of bodily harm. Based on this, the ‘anticipatory feedback 

model’ was proposed. In this model, the anticipatory component (physiological input, 

expected distance/duration, and previous experience/motivation/competition) set the 

template for the optimal increase in RPE which is altered throughout exercise via the 

feedback component. The feedback component allows matching of the conscious RPE to 

the template, using remaining exercise duration as an ‘anchor point’,  via afferent 

feedback; if required, the initial exercise intensity is modified to allow completion of the 

exercise safely (Tucker, 2009). More recently, the RPE manipulations by factors not 

related to performance, such as a ‘cognitive challenge’ (Marcora, Staiano, & Manning, 

2009) or hypnosis (Williamson et al. 2001), were brought to attention as influences 

occuring through the CNS and affecting performance that require more research (Cairns, 

2011).  

It is known that the CNS is highly sensitive to reduced oxygenation and is 

strongly defended by homeostatic controls  (Amann & Calbet, 2008). Thus, when 

enhanced neural metabolism occurs, due to the increased activation of the CNS near the 

onset of fatigue, there is an increase in regional cerebral blood flow (CBF) to the brain  

(Secher et al., 2008). Indeed, recent investigations indicate that CBF increases with 

exercise and is associated with brain neuronal activity and metabolism (Ogoh & Ainslie, 

2009). It is shown that the metabolic ratio decreases by half during exercise induced 
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activation of the brain indicating that 50% of the carbohydrate uptake is not oxidized 

(Dalsgaard & Secher, 2007). Nybo (2002) supports the importance of glucose oxidation 

from the bloodstream, stating that it is the only energy source for the CNS.  Thus, for the 

carbohydrate uptake to be properly oxidized, CBF must increase to provide the brain with 

the oxygen required for oxidation. It should, however, be mentioned that Ogoh and 

Ainslie (2009) recently found indications that during moderate to intense exercise 

regulation of CBF is influenced to a greater extent by other physiological factors, 

including: (a) ventilation, (b) systemic cardiovascular factors, and (c) sympathetic nerve 

activity. 

 As well, glucose supplementation could also exert its influence on the prevention 

of central fatigue (Nybo, 2002). When the brain metabolic need exceeds provision of 

energy, such as would occur during exhaustive whole-body exercise, glycogen depletion 

would occur and such play a role in central fatigue (Dalsgard & Secher, 2007; Nybo, 

2002). The findings of the effects of glucose and oxygen supplementation are supportive 

of the proposal by Noakes and colleagues (2004) that there is a hierarchical control. In 

further support, it was found that an ingestion of methylphenidate (a psychostimulant) 

removed the restraining effects of a CNS regulator, allowing subjects to sustain higher 

work rates and achieve greater levels of metabolic and cardiorespiratory stress; this helps 

to show that there is a metabolic and cardiorespiratory reserve (Swart et al., 2009b). The 

study by Swart and colleagues (2009b) confirms previous findings by Chandler and Blair 

(1980) that the ingestion of amphetamine (a pscyhostimulant) ‘masked’ the feelings of 

fatigue, thus allowing access to the ‘motor reserve’ (Micklewright et al., 2010).  
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 Secher and colleagues (2008) found that an increase in cerebral oxygenation 

during muscle activation due to exercise is in contrast to the progressive reduction in 

oxygenation of the working muscles. It was shown that supplementation of oxygen (O2) 

enhances performance with an increase in cerebral rather than muscle oxygenation. 

Indeed, Subudhi and colleagues (2007) report that a critical reduction in cerebral 

oxygenation poses a central limitation to exercise performance. Rupp and Perrey (2009) 

also found a critical reduction in cerebral oxygenation (measured in the pre-frontal 

cortex) before motor performance failure (i.e. reduction in cortical activity at volitional 

fatigue), indicating the pivotal role of cerebral oxygenation in the integrative decision to 

cease exercise. More recently, however, support that cerebral deoxygenation poses a 

limitation during maximal exercise exists in acute and chronic hypoxia, but during 

normoxia it was not a limiting factor (Subudhi, Lorenz, Fulco, & Roach, 2008). Billaut 

and colleagues (2009) also found supporting evidence that in self-paced normoxic 5TT 

cerebral deoxygenation occurs just prior to the end point of exercise, but is not critical 

enough to hinder strenuous short duration endurance performances; this suggests that 

“reductions in cerebral oxygenation may not systematically lead to central fatigue, at 

least not in normoxia”. Thus, Billaut and colleagues (2009) suggest the need for future 

research of which self-paced competitive events are simulated with manipulations of O₂ 

availability (i.e. hypoxia).  

 More recently, clamping end tidal carbon dioxide (PETCO2) at 50mmHg during 

incremental cycling to maximal exertion, providing a ‘supraphysiologic, yet tolerable, 

stimulus for cerebrovasodilation’, increased CBF and cerebral oxygenation with no effect 
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on muscle oxygenation in both normoxia and acute hypoxia (Subudhi et al., 2011). 

Despite the increases in CBF, peak power and oxygen uptake were reduced in the 

‘clamped’ trials versus control. These results suggest that cerebral oxygenation, when 

accompanied by respiratory acidosis, may not be the primary factor of exercise cessation 

during incremental exericse in normoxia or hypoxia (Subudhi et al., 2011).  

HYPOXIA 

 Frisancho (1975) state that “hypoxia can be produced by any physiological (e.g. 

defects in cardiopulmonary system [anemic hypoxia]), pathological, or environmental 

(e.g. high altitudes [oxygen is less concentrated and consequently at a lower pressure]) 

condition that interferes with the oxygen supply to the tissues”. Environmental hypoxia 

can be simulated in an environmental chamber or while breathing a hypoxic gas mixture 

that allows researchers to detect the effects of hypoxia without the additional lower 

temperature and humidity that are consequently found at altitude. The level of hypoxia 

can vary by level of altitude and thus must be pre-determined by the researcher in the 

situation of simulation for research purposes. The varying levels of hypoxia are 

determined at different altitudes by the barometric pressure (pB) and partial pressure of 

oxygen (pO2), which is represented by percent of oxygen, and  corresponds to 760mm-

Hg, 159mm-Hg, and 20.93%, respectively, at sea level; at 3500m above sea level the 

oxygen has approximately 35% less pressure and at 4500m above sea level 

approximately 40% less pressure (Frisancho, 1975). Consequently, the oxygen saturation 

of the blood also decreases because the pO2 determines the proportion of 

oxyhaemoglobin formed via the air reaching the alveoli (Frisancho, 1975). 
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Amann and colleagues (2006a) found that during exercise bouts of 5kms power 

output had an initial fall, plateau, and terminal rise in all conditions except hypoxia, in 

which power output fell markedly and progressively over initial 3 kms and remained low 

for final 2kms. Consequently, all participants had a negative race performance in hypoxic 

conditions. However, Swart and colleagues (2009b) discuss a study in which it was found 

that the absolute RPE progression was not altered when hypoxia was introduced in an 

aerobic performace; rather, it caused a reducton in power output thereby slowing rate of 

RPE increase and prolonging the exercise duration.  The study discussed by Swart and 

colleagues (2009b) introduced normobaric hypoxic air from bags during 2-4kms of 5km 

time trials, of which participants performed 3 (control + hypoxic x 2) and were blinded to 

what bag they were breathing from (hypoxic or regular room air) (Joseph et al., 2008). 

Amann (2011) showed that hypoxia reduced the time to exhaustion by approximately 

80% during a heavy-intensity fixed workload to exhaustion test.  Woodside (2011) found 

a 16% decrease in power output during incremental cycling exercise in acute hypoxia 

(fraction of inspired oxygen [FIO2]  ≈ 0.12). Thus, hypoxia has been shown to have a 

detrimental effect on aerobic exercise performance, regardless of protocol. 

 It is known that the rate of development of peripheral fatigue is faster with 

reduced O2 delivery to the working muscle; however, the mechanisms of fatigue remain 

the same (Amann & Calbet, 2008). It is suggested that motoneurons controlling slow-

twitch (type I) muscle fibers are more susceptible to hypoxia than those controlling fast-

twitch (type II) (i.e. the ability to perform graded movement is affected most by hypoxia) 

(Secher et al., 2008). Thus, aerobic endurance activities is affected by hypoxia more so 
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than anaerobic activities. The recruitment of type II fibers at the onset of fatigue is 

thought to be due to two mechamisms: (a) fatiguing type I fibers, and (b) changing 

sensitivity of type III and IV muscle afferents (Amann & Calbet, 2008). Once type I 

muscle fibers start to become fatigued due to an increase in relative exercise intensity and 

reduction of oxygen, which may be exagerrated due to simulated hypoxic conditons, 

there is a known increase in the percentage of type II fibers activated  (Amann & Calbet, 

2008). As well, reductions in oxygen, again which may be exagerrated due to simulated 

hypoxic conditions, attenuate the sensitivity of type III and IV muscle afferents; type III 

and IV muscle afferent stimulation is associated with preferential recruitment of type I 

fibers (Amann & Calbet, 2008). Thus, under hypoxic conditions, type III and IV muscle 

afferents may no longer be the primary determinant of the reduced CMD in the 

‘individual critical threshold’ theory (Amann, 2011).The reliance on type II fibers in 

hypoxia are a contributing mechanism to a faster rate of accumulation of metabolites 

known to cause fatigue  (Amann & Calbet, 2008;Amann, Pegelow, Jacques, & Dempsey, 

2007). Specifically, hypoxia showed acceleration of Pi accumulation and PCr depletion  

(Amann et al., 2006a; Vanhatalo et al., 2011). Interestingly, it has been shown that 

hypoxia shows no significant difference at end exercise in sarcoplasmic reticulum Ca+ 

cycling, Na+/K+ ATPase, and blood H+ and La- despite marked differences in 

performance time (ie. Shorter time to exhaustion) (Amann et al., 2006a; Amann & 

Dempsey, 2008).  

 The work of breathing, which is shown to be a major contributor of peripheral 

fatigue originating from the respiratory muscles, is significantly increased in hypoxia. 
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Increased work of breathing in hypoxia is attributed to three factors: (a) the greater 

amount of work incurred due to hyperventilation, (b) the effect of reduced oxygen 

transport to the respiratory muscles, and (c) the effects of expiratory flow limitation and 

relative hyperinflation  (Amann et al., 2007). These three factors are beyond the direct 

effect of reduced haemoglobin (Hb) saturation. Amann and colleagues (2006a) reported 

data from others that strongly suggests that hypoxic sensitive sources of inhibition of 

central motor output exist outside any influences related to peripheral muscle fatigue and 

its associated afferent feedback (Calbet, Boushel, Radegran, Sondergaard, Wagner, & 

Saltin, 2003; Kjaer et al., 1999). This theory was later confirmed due to the fact that 

subjects stopped exercising significantly below their ‘critical threshold’ in hypoxia, and 

were able to later reach actual ‘critical thresholds’ when they were unknowingly 

switched from hypoxia to hyperoxia; thus, peripheral muscle fatigue is no longer a major 

determinant of CMD when the CNS faces a direct threat (i.e. hypoxia; Amann, 2011). 

Altogether, peripheral fatigue is increased in hypoxia, but the theorized interaction 

between peripheral and central factors appears to not exist in hypoxia. 

 Amann and Calbet (2008) found support for the effect of low brain oxygenation 

on fatigue during exercise in severe acute hypoxia due to the finding that reoxygenation 

allows for immediate resumption of exercise. Evidence to confirm that a small but direct 

inhibitory effect (i.e. cessation of exercise) of severe acute hypoxia (11% O2; 4500m) on 

the CNS was later found (Millet et al., 2008). This cessation of exercise was supported 

recently by Vogiatzia and colleagues (2011) who found that during heavy exericse 

(discontinuous incremental protocol) in severe acute hypoxia (12% O2; 4350m) frontal 
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cerebral cortex oxygen delivery was limited due to a decline in vascular conductance and 

blood flow. Woodside (2011) agree that the reduction in cerebral oxygenation, rather than 

a limitation in cerebral aerobic metabolism, is the likely cause of central fatigue in severe 

acute hypoxia. Subudhi and colleagues (2007) had previously acknowledged the notion 

that brain deoxygenation (frontal cortex) may play a more pivotal role in exercise 

limitation in hypoxia than normoxia. However, it was more recently concluded that  

cerebral deoxygenation may not be the primary reason for limiting exercise in hypoxia 

(Subudhi et al., 2011). This conclusion was based on the fact that with the administration 

of supplemental carbon dioxide (CO2;i.e. increased cerebral oxygen delivery) in severe 

acute hypoxia (11% O2; 4,875m) impaired, rather than improved, exercise performance; 

however, this is true only when the deoxygenation is accompanied with respiratory 

acidosis. Thus, as previously suggested by Millet and colleagues (2008), this small 

influence may depend on the severity of hypoxia and the task at hand; more research with 

varying levels of hypoxia and protocols are warranted. 

 Under normoxic conditions CBF is highly sensitive to arterial partial pressure of 

CO₂ (PaCO₂); under hypoxic conditions CBF is highly sensitive to arterial partial 

pressure of oxygen (PaO2) as well (Ogoh & Ainslie, 2009). Exercise then modifies the 

interaction between PaCO2 and  PaO2 in regulation of CBF, potentially due to hypoxia 

induced changes in: (a) cerebral autoregulation, (b) sympathetic nerve activity, and/or (c) 

sensitivity of the cerebrovascular bed to hypoxia. Thus, during sub-maximal exercise, 

hypoxia acts as a vasodilator that supersedes the hypocapnic provoked vasoconstriction 

(Vogiatzia et al., 2011). During maximal exercise, it is thought that hypoxia induces an 
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increase in the hypothesized chemo-reflex activity, which leads to marked reductions in  

PaCO2 and thus reductions in middle cerebral artery velocity (MCAVmean; a measure of 

CBF) and cerebral oxygenation (Ogoh & Ainslie, 2009).   

TECHNIQUES USED TO EXAMINE FATIGUE  

 A number of techniques have been used to investigate the effects of fatigue on 

central and peripheral factors duing exercise performance, including both physiological 

and psychological components. Only physiological factors will be considered here. The 

most common physiological techniques include electromyography, interpolated twitch, 

transcranial Doppler and beat x beat blood pressure, and near infrared spectroscopy. A 

brief description of each is included here. 

 Electromyography (EMG). It is common for EMG to be used to estimate the 

development of central and peripheral fatigue  (Amann & Calbet, 2008). EMG is a 

technique for evaluating and recording the activation signal of the working muscles. 

Central fatigue shows a decrease in EMG activity (reduction in motor drive) while 

peripheral fatigue shows an increase in EMG activity (compensation for fatiguing 

muscles) (Amann & Calbet, 2008). However, EMG has its shortcomings. The use of 

EMG as a sole determinant of fatigue is questionable because: (a) ECC failure as a 

potential contributor cannot be detected, and (b) number of intrinsic factors other than 

muscle fatigue have to be considered for alterations in surface EMG (Amann et al., 

2006b).  
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 Interpolated Twitch Technique (ITT). Another common method, ITT, is used to 

assess the development of central fatigue specifically. ITT is the practice of applying a 

supramaximal electrical stimulus to the nerve during a voluntary contraction, commonly 

a MVC, causing un-recruited motor units to respond by generating a twitch response 

(Place et al., 2008; Shield & Zhou, 2004). ITT has revealed that small deficits are 

common during MVC although this deficit will vary somewhat between muscles (Shield 

& Zhou, 2004). However, the extent of central fatigue is difficult to assess and may be 

overestimated when using twitch interpolation technique (Place et al., 2008). Two distinct 

methods of quantifying voluntary activation are apparent, scaling interpolated response to 

the control response and non-linear extrapolation of the evoked-voluntary force 

relationship (Shield & Zhou, 2004). The first method provides a more valid measure if: 

(a) careful consideration in selecting site and intensity of stimulation, (b) number of 

interpolated stimuli, and (c) resolution of force measurements (Shield & Zhou, 2004). 

Recent studies using ITT to study central and peripheral fatigue have found that during 

prolonged endurance exercise (cycling) a sustained impairment of central and peripheral 

neuromuscular function occurs (Ross, Gregson, Williams, Robertson, & George, 2010). 

Transcranial Doppler (TCD) and Blood Pressure. TCD is a noninvasive 

hemodynamic imaging method that was introduced to assess cerebral blood velocity 

[flow; CBF] in the 1980’s and is still currently used today (Aaslid, Markwalder, & 

Nornes, 1982; Herzig et al., 2008). A low frequency (2MHz probe) ultrasonic beam is 

emitted through thin areas of the skull in a pulse-wave Doppler manner;  Doppler 

implying “there is an interval between emission and reception of the beam [that] allows 
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calculation of the depth” (Jacobs & Mahajan, 2008). It is the change of frequency 

between the emitted and received beam that allows calculation of blood velocity [flow] 

(Jacobs & Mahajan, 2008). When the probe is placed just above the zygomatic arch in the 

temporal area it allows the velocity in the middle cerebral artery (MCA) to be determined 

(Aaslid et al., 1982), which is the placement that will be used for the purpose of this 

study. TCD works on the basis that the diameter of the basal cerebral arteries is fixed, 

thus the velocity of flow will be proportional to the volume of flow (Kincaid, 2008). 

Thus, TCD allows for determination of cerebral blood velocity [flow] and cerebral blood 

volume. Vernieri and colleagues (2008) state “TCD and NIRS provide complementary 

data on CBF and …. together, the two techniques afford comprehensive evaluation of 

cerebral heamodynamics”.  

 Near Infrared Spectroscopy (NIRS). NIRS is a noninvasive evaluation of the 

trends of muscle oxygenation and blood volume at the level of the small blood vessels 

(Bhambhani, 2004), and has been used extensively for sports science research (Ferrari et 

al., 2004; Neary, 2004;).The non-invasiveness of the NIRS allows researchers to 

overcome the obstacles that present with the use of invasive methods of assessing 

cerebral oxygenation (Subudhi et al., 2007). NIRS is based on the differential absorption 

rate of the chromophore (light-absorbing compounds) Hb in the NIR range (between 700 

and 1,000 nm); at 760 nm Hb occurs primarily in the deoxygenated state (HHb) whereas 

at 850nm Hb occurs primarily in the oxygenated state (HbO2)  (Bhambhani, Maikala, 

Farag, & Rowland, 2006). Thus, the difference in absorbency between these two 

wavelengths can evaluate the degree of tissue deoxygenation while the change in the sum 
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of the absorbency signals (HHb at 760nm + HbO2 at 850nm) can evaluate the change in 

localized blood volume (Bhambhani et al., 2006). Rupp and Perrey (2009) confirm that 

the individual concentrations of HHb and HbO2 are the result of the interplay between 

physiolgical parameters such as blood volume, blood flow, and metabolic rate of oxygen.  

 Optical attenuation is the absorption of light expressed as optical density (OD), 

and as described by a modified Beer-Lambert law is: OD = log (Iin/ Idet) = G + AcLB, 

where: (a) Iin is the incident light intensity, (b) Idet is the detected light intensity, (c) G is a 

factor related to tissue and optode geometry, (d) A is the absorption coefficient of the 

chromophores, (e) c is the chromophore concentration in µmol·min
-1

, (f) L is the inter-

optode distance in centimetre, and (g) B is the differential optical pathlength factor 

(Thomas & Stephane, 2008). The Beer-Lambert law allows the conversion of the 

reflected light intensities to an absolute unit (∆µmol·L
-1

) by incorporating an optical path 

length (Hamlin, Marshall, Hellemans, & Ainslie, 2010; Xu, Mao, Ye, & Lv, 2011); the 

changes in relative concentration (∆µmol·L
-1

) is widely used in the sports sciences (Xu, 

Mao, Ye, & Lv, 2011). The light attenuation slope (distance from emitting probe to 

detecting probe) is further used by the NIRS device to calculate tissue oxygen saturation 

(TOI% = HbO2/tHb x 100) (Hamlin et al., 2010).    

 Just as with the EMG, there has been controversial findings pertaining to the 

validity of NIRS; these findings highlight the importance of  the consistency of probe 

placement of the NIRS to ensure validity during evaluation of muscle oxygenation 

(Bhambhani, 2004). Further, Bhambhani supports the validity of the NIRS with 

comparisons to other techniques, such as magnetic resonance imaging and positron 
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emission tomography, during the evaluation of cerebral oxygenation. Bhambhani and 

colleagues (2004) go on to confirm the validity of NIRS at varying levels of hypoxia and 

the test-retest reliability of NIRS in males and females of different ages under various 

experimental conditions, including postural changes, cognitive stimulation and 

hyperventilation, and CO2 breathing. 

Purpose. The primary purpose of this study was to examine the effects of hypoxia 

on central and peripheral fatigue during prolonged high intensity exercise. This would 

provide insight into the physiological mechanisms related to exercise fatigue and 

represent a contribution to the much needed research within this area. Four key papers 

discuss this research in this thesis: 1) a literature review of central and peripheral fatigue 

discusses the effects of hypoxia and the techniques used to measure fatigue, 2) Chapter 2 

investigates the effect of incremental exercise on muscle oxygenation, 3) Chapter 3 

investigates the effect of hypoxia on cerebral and muscle oxygenation during 20km time 

trials, and 4) Chapter 4 compares the differences between the effects of incremental 

versus continuous exercise on cerebral and muscle oxygenation. To investigate these 

effects, an integrative physiological approach was used by including muscle and cerebral 

oxygenation changes (NIRS), cardiovascular and pulmonary responses and blood 

biochemistry during cycling exercise in a normoxic and hypoxic environment. The 

primary hypothesis of this study was that hypoxia will have a detrimental effect on 

oxygenation, more so within the pre-frontal cortex than vastus lateralis, and thus 

decrements in performance during continuous exercise. A secondary hypothesis was that 

the pattern of oxygenation, within the pre-frontal cortex and vastus lateralis, during 
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continuous endurance exercise will be similar to that of incremental exercise. A tertiary 

hypothesis was that oxygen consumption would correlate with oxygenation of the muscle 

during incremental exercise. 
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CHAPTER 2 

MUSCLE OXYGENATION OF VASTUS LATERALIS DURING 

INCREMENTAL (VO2MAX ) CYCLING EXERCISE 

ABSTRACT 

Non-invasive near-infrared spectroscopy (NIRS) is used extensively in the sports 

sciences to evaluate the metabolic profile of the muscle during exercise.  It has been 

shown that NIRS variables (HbO2, HHb, TOI, tHb) can provide an accurate assessment 

of muscle metabolism during incremental exercise. The purpose of this study was to 

evaluate the effects of incremental step exercise to maximum exertion (maximal oxygen 

uptake test [VO2max]) on muscle oxygenation characteristics. Participants.Seven 

university aged male athletes were recruited for this study (21.6[±2.2] yrs, 79.0[±12.4] 

kgs, 177.0[±6.1] cms, VO2max  47.8[±9.3] mL·kg
-1

·min
-1

). Methods. Following a 5 minute 

warm-up participants performed an incremental test (50watts + 25watts·2min) to 

exhaustion (VO2max). NIRS was used to monitor muscle oxygenation changes (Artinis 

Medical Systems B.V. PortaMon SysID240) of the vastus lateralis. As well, breath-by-

breath respiratory measures (Vmax Sensormedics Spectra 229LV), and heart rate 

(PolarF6) were collected during  cycle ergometer exercise (Ergoline Ergoselect). Data 

Analysis.NIRS and metabolic data were calculated into 10
th

 percentiles of the overall time 

to exhaustion during the VO2max test and analyzed with PASW Statistics 18 via a 

correlation. Results. A Pearson correlation analysis indicated an inverse relationship 

between: (a) VO2 and HbO2 (r = -0.86, p <0.01), and (b) VO2 and TSI (r = -0.91, p < 
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0.01) and a direct relationship between: (a) VO2 and tHb (r = 0.95, p <0.01), and (b) VO2 

and HHb (r = 0.93, p < 0.01).  Conclusion. These data supports previous findings that 

suggests tissue deoxygenation of the working muscle is not likely the direct cause of 

exercise termination during maximal incremental exercise tests. 
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INTRODUCTION 

 The purpose of this study was to evaluate the effects of incremental step exercise 

to maximum exertion (maximal oxygen uptake test [VO2max]) on muscle oxygenation. A 

maximum oxygen uptake (VO2max) test is the most widely used to measure the aerobic 

power and cardiovascular abilities of an individual (Bosquet, Leger, & Legros, 2002; 

Myles & Toft, 1982; Scharhag-Rosenberger et al., 2011). An incremental exercise test on 

a treadmill or cycle ergometer is the most common protocol used to determine VO2max; 

direct measurement of expired gases via metabolic cart during the test is considered the 

gold standard.  

 VO2max is a product of cardiac output (Q) and arteriovenous oxygen difference (a-

vO2), thus providing insight into both central cardiovascular factors and peripheral 

factors.  Therefore, to obtain a complete understanding of the physiological factors 

influencing short-term high performance exercise, cardiovascular factors should be 

combined with the trends of muscle oxygenation to provide peripheral information 

(Bhambhani, Maikala, & Buckley, 1998; Bhambhani, 2004). 

 Non-invasive NIRS has been used extensively in the sports sciences as a valid and 

useful measurement of oxygen transport in the muscle (Bhambhani, 2004; Chuang et al., 

2002; De Blasi, Fantini, Francheschini, Ferrari, & Gratton, 1995; Ferrari, Mottola, & 

Quaresima, 2004; Neary, 2004). NIRS is based on the measurement of light attenuation 

caused by absorption and scattering of oxygen-dependent haemoglobin (Hb) 

chromophores (760 nm = deoxygenated state [HHb];850nm Hb = oxygenated state 
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[HbO2])  in the red blood cells (Bhambhani, Maikala, Farag, & Rowland, 2006; Thomas 

& Stephane, 2008). These two variables can further be used to determine total Hb volume 

(tHb = ∆HbO2 + HHb) and  tissue oxygenation index (TOI= HbO2/tHb) (Hamamatsu 

Photonics, 1999) (Ferrari et al., 2004). The application of the Beer-Lambert law allows 

these data to be converted to the widely used and understood changes in relative 

concentration (∆µmol·L
-1

) of Hb. NIRS has been shown to have an excellent relationship 

with other methods of measurement, such as deep vein HbO2 saturation (Mancini et al., 

1994; Seiyama, Hazeki, & Tamura, 1988; Wilson et al., 1989).  

 It is common to measure muscle HbO2 and HHb via NIRS during various types of 

exercise, as well as baseline and recovery (Chuang et al., 2002; Neary, Hall, & 

Bhambhani, 2001). It is assumed that muscle HbO2 reflects changes in capillary and 

venous HbO2 as arterial HbO2 remains constant during exercise (Belardinelli et al., 

1995;Chuang et al., 2002). The pattern of muscle deoxygenation (HHb) can offer 

knowledge regarding the relationship between muscle blood flow and muscle oxygen 

uptake when using assumptions based on the Fick principle (C(a-v)O2 = VO2m/Qm [where 

C(a-v) O2 = arteriovenous O2 difference, VO2m = muscular oxygen uptake, and Qm = muscle 

blood flow]) (Boone, Koppo, Barstow, & Bouckaert, 2010; Ferreira, Townsend, 

Lutjemeier, & Barstow, 2005). TOI is used to indicate the equilibrium between oxygen 

delivery and consumption of the muscle (Osawa, Kime, Katsumura, & Yamamoto, 2010) 

and values are generally 50-70%, and decline with exercise intensity 

 Previously it has been shown that muscle HbO2 demonstrates an initial increase at 

the onset of exercise followed by a steady decline until exhaustion (Belardinelli et al., 
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1995; Bhambhani, 2004; Martin, Levett, Mythen, & Grocott, 2009; Neary et al., 2001; 

Wilson et al., 1989). At approximately 75-80% VO2max  HbO2 reaches a nadir, and 

coincides with a plateau then reduction in HHb and tHb. This plateau is thought to 

represent the limits of tissue oxygen extraction, and thus is considered significant (Martin 

et al., 2009). Tissue oxygen or saturation index (TOI or TSI; StO2 = [HbO2/tHb] x 100) is 

reduced in the muscle with continued exercise. Each of these changes appear to coincide 

with the ventilation threshold (VT) or respiratory compensation threshold (RCT) . Muscle 

oxygenation via NIRS during incremental exercise has been demonstrated by several 

studies to be useful for identifying the VT in a non-invasive way (Bhambhani, Buckley, 

& Susaki, 1997; Grassi et al., 1999; Lai et al., 2006; Xu, Mao, Ye, & Lv, 2011).  VT and 

RCT is determined from metabolic data via the V-slope method (Beaver, Wasserman, & 

Whipp, 1986). VT is determined from NIRS data via an exaggerated decrease in muscle 

oxygenation, determined as the point that TSI during exercise equaled TSI during 

baseline testing (Belardinelli et al., 1995; Bhambhani et al., 1997; Bhambhani, 2004); 

determination of RCT from NIRS is limited (Bhambhani, 2004). Further, with the use of 

the Fick equation (C(a-v)O2 = VO2m/Qm) solved for muscle blood flow (Qm = VO2m/C(a-

v)O2) and proxies, (Qm = QCAP [muscle capillary blood fow], VO2m = VO2max, and C(a-

v)O2 = HHb) muscle capillary blood flow can be estimated (Ferreira et al., 2005). 

 Purpose. The purpose of this study was to assess the relationship between muscle 

oxygenation (peripheral) and whole body oxygen consumption  during maximal 

incremental exercise (VO2max test). It was hypothesized that oxygen consumption (VO2) 

would increase with increasing workload and would correlation with changes in muscle 
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oxygenation (HbO2) and deoxygenation (HHb). Further, the increase in HHb will follow 

a sigmoid pattern, rather than hyperbolic.  

METHODS 

 Participants. A sample of university aged male athletes (wrestling, rowing, 

cycling, and football) volunteered to participate in this study. Participants (n=7) were on 

average 21.6 (±2.2) years old, 79.0[±12.4] kgs, 177.0[±6.1] cms, with a VO2max of 47.8 

(±9.3) ml·kg·min
-1

 ( 3.7 (±0.4) L·min
-1

). All participants completed a PAR-Q and 

provided written consent. This study was approved by the Research Ethics Board at the 

University of Regina. 

 Maximal Aerobic Capacity (VO₂max) Protocol – Procedures. Participants 

warmed up at a workload eliciting a heart rate of 100-120bpm for 5 minutes on a Monark 

cycle ergometer. Once the warm-up was complete participants were transferred to the 

Ergoselect electronic cycle ergometer and equipped with the portable NIRS and 

metabolic cart mouthpiece and headgear. Starting with a load of 50 Watts for 2 minutes, 

the workload was then increased 25 Watts every 2min until volitional fatigue (~ 10-14 

minutes). VO2max is often considered achieved by the common criteria of VO2 plateauing 

and/or one or more of the following secondary criteria have being reached: (a) respiratory 

exchange ratio (RER) > 1.10, (b) HRmax ± 10bpm,  or (c) high RPE, and/or (d) blood 

lactate > 8mM (Howley, Bassett, & Welch, 1995; Rupp & Perrey, 2007). Test 

Measurement Instrumentation. Muscle oxygenation changes were recorded on the  vastus 

lateralis with the NIRS probe placed 15cms above the proximal border of the patella and 

5cms lateral to the midline of the thigh (Artinis Medical Systems B.V. PortaMon 
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SysID240). Other instumenation included: (a)  breath-by-breath metabolic cart (Vmax 

Sensormedics Spectra 229LV), (b) HR monitor (PolarF6) and (c) computerized 

electrically-braked cycle ergometer (Ergoline Ergoselect) to provide workload (Watts). 

 Data Analysis. Data from the NIRS was managed in Portamon OxySoft (Artinis 

Medical Systems B.V. Portamon SysID240), while data from the metabolic cart was 

exported and managed via Microsoft excel. Both NIRS and metabolic data were 

calculated into 10
th

 percentiles of the overall time to exhaustion during the VO2max test. 

VO2max was determined as the highest VO2 obtained during the incremental test via 

VMax software; the specific value may not be represented in data shown due to the use of 

the 10
th

 percentiles (i.e. max may not have occured on intervals used). Tissue saturation 

index (TSI) was provided by Portamon software and is equivalent to TOI or StO2.  Every 

10
th

 percentile was then averaged among participants and analyzed with PASW Statistics 

18 via a correlation. 

RESULTS 

 The VO2 increased linearly with increasing power output; VO2 was plotted versus 

every 10
th

 percentile rather than versus increase in workload for the purposes of 

averaging among participants (Figure 2.1). Upon visual inspection, ventilation (VE, 

L·min
-1

) and volume of carbon dioxide (VCO2, L·min
-1

) also followed a linear pattern 

similar to that of VO2 (Figure 2.1); all three variables (VE, VO2, and VCO2) showed a 

decrease from 90-100% completion of the test. The respiratory quotient (RQ) showed an 

initial decrease followed by a linear increase similar to VE and VO2 (Figure 2.1).  
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 Table 2.1 shows all NIRS values at every 10
th

 percentile of the VO2max test. A 

Pearson correlation analysis indicated an inverse relationship between: (a) VO2 and HbO2 

(r = -0.86, p <0.01), and (b) VO2 and TSI (r = -0.91, p < 0.01) and a direct relationship 

between: (a) VO2 and tHb (r = 0.95, p <0.01), and (b) VO2 and HHb (r = 0.93, p < 0.01). 

All NIRS variables (Figure 2.2) and TSI (Figure 2.3) were graphed versus percentage of 

VO2max of a representative participant for visual inspection of trends. Mean values (n=7) 

of all NIRS variables (Figure 2.4).  and TSI (Figure 2.5) were then graphed every 10
th

 

percentile for visual inspection of group trends. The VT and RCT were determined with 

the V-slope method (Beaver et al., 1986) as VT = VO2 of 1.7 L·min
-1

 and RCT = VO2 of 

2.7 L·min
-1

; with the RCT occuring at approximately 80% completion. VT was 

confirmed by a calculated slope of greater than 1 (VCO2/VO2; Belardinelli et al.,1995). 
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Figure 2.1. Changes in VO2 (L·min
-1

), VCO2 (L·min
-1

) VE (L·min
-1

) and RQ versus 

percentage of VO2max. 
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Table 2.1 

NIRS Vastus Lateralis 

                      Variables 

      % of VO2max      HbO2       HHb        tHb          TSI  

 0    47.9±26.4             54.8±31.7  102.7±56.0  60.0±5.5 

 10    44.4±24.5             61.1±33.8  105.5±56.1   

53.4±10.4 

 20    44.2±24.5             62.7±34.9  106.9±57.1   

50.9±13.0 

 30    43.3±24.3             65.4±35.1  108.7±57.6    

49.7±13.0 

 40    39.9±23.0             70.1±36.9  110.1±57.9   

45.1±13.3 

 50    37.8±23.1             71.5±35.7  109.2±56.8   

42.2±16.4 

 60    36.4±22.6             72.1±37.6  108.5±58.1   

41.8±18.5 

 70    36.0±23.1             75.7±36.9  111.8±58.5   

38.2±17.0 

 80    35.7±23.7             75.4±36.1  111.2±58.7   

36.3±16.5 

 90    38.8±26.3             73.8±36.8  112.6±59.7    

41.3±16.5 

 100    37.3±24.3             75.0±36.3  112.3±58.1    

39.3±16.2 

TSI= tissue saturation index is reported as an absolute percentage (%), all other values 

are reported as a relative change (∆µmol·L
-1

± SD; HbO2 = oxygenated haemoglobin; 

HHb = deoxygenated haemoglobin; tHb = HbO2 + HHb).   
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Figure 2.2. Changes in NIRS variables (HbO2, HHb, and tHb [∆µmol·L
-1]) versus 

percentage of VO2max for a representative subject. 
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Figure 2.3. Changes in NIRS variable TSI versus percentage of VO2max for a 

representative subject. 
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Figure 2.4. Mean values (n= 7) for the NIRS variables (HbO2, HHb, and tHb) change in 

concentration (∆µmol·L
-1

) versus percentage of VO2max.  
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Figure 2.5. Mean values (n=7) for NIRS variable TSI versus percentage of VO2max. 
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Figure 2.6. Determination of average ventilatory threshold (VT) and respiratory 

compensation threshold (RCT) from the metabolic cart data.  
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DISCUSSION 

 The most significant finding of this study showed that the NIRS variables 

significantly correlated with whole body oxygen consumptions. As well, VT and RCT 

correlated with breakpoints in HbO2 and HHb. VT occured at a VO2 = 1.7 L·min
-1

 where 

the first breakpoint in HbO2 and HHb  (greater muscle deoxygenation); this is in 

agreement with previous findings (Belardinelli et al. 1995; Bhambhani et al., 1997; 

Grassi et al., 1999). RCT occured at a VO2 of 2.7 L·min
-1

 (~80% completion) where 

HbO2 began to increase slightly while HHb began to decrease slightly. RCT is thought to 

occur at the second muscle deoxygenation inflection point (i.e., second breakpoint; Miura 

et al., 1998); these data does not agree with this as HbO2 increased and HHb decreased, 

suggesting muscle extraction. However, the technique of using NIRS to determine RCT 

has had limited use (Bhambhani, 2004).  

 Muscle deoxygenation, or an increased extraction of oxygen by the tissue, is 

indicated by a decreasing HbO2 and increasing HHb and confirmed by a decreasing TSI. 

Further, the increase in HHb appears to follow a sigmoid pattern, rather than hyperbolic. 

These findings seem to support the hypothesis and findings from previous research 

(Belardinelli et al. 1995; Bhambhani, 2004; Chin et al., 2011; Ferreira et al., 2007; Grassi 

et al., 1999; Kawaguchi et al. 2001; Martin et al., 2009; Neary et al., 2001; Peltonen et 

al., 2009; Xu et al., 2011). 

 An inverse relationship between VO2 and HbO2 (i.e. as VO2 increases HbO2 

descreases) and direct relationship of VO2 and HHb (i.e. as VO2 increases HHb increases) 

exists as previously supported by others (Bhambhani et al., 1997; Belardinelli et al., 
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1995; Grassi et al., 1999; Kawaguchi et al., 2001; Neary et al. 2001). Because data was 

analyzed at every 10
th

 percentile it cannot be confirmed if HbO2 increased slightly in the 

first few seconds before decreasing, as previously observed (Amann et al., 2007). The 

plateau that occurs from 60-70% of HbO2 and 70-80% of HHb is thought to imply a 

balance between oxygen delivery and consumption, and thus is indicative of maximal 

oxygen extraction(Subudhi, Dimmen, & Roach, 2007). Following the plateau HbO2 

decreased (rather than remaining constant) while HHb increased, in relation to an 

increasing VO2 approaching VO2max; this is also thought to indicate that desaturation 

reached its physiological maximum (Belardinelli et al., 1995). The participants in this 

study had a plateau in HbO2 at 60-80% completion of the test, and not 80-100% as 

previously demonstrated. Thus, the plateaus in muscle oxygenation did not occur at a 

theoretical minimum which is in support of the findings of Rupp and Perrey (2007). 

Further, it is suggested that muscle oxygenation is not at a critically low level if the 

relationship between oxygen delivery and consumption is ‘stable’ (Subudhi et al., 2008). 

This knowledge, taken together, suggest it is unlikely that tissue deoxygenation was the 

direct cause of exercise termination, at least not during incremental exercise to 

exhaustion in normoxic conditions (Nielsen, Boushel, Madsen, & Secher, 1999; Rupp & 

Perrey, 2007; Subudhi et al., 2007).  

 An inverse relationship between VO2 and tissue saturation index (TSI) exists as 

previously found by others (Bhambhani et al., 1998). TSI showed a relatively large 

decrease within the first 10
th

 percentile of the VO2max test; this decrease was followed by 

a steady decline (and eventual plateau) similar to that found by Neary et al., (2001). From 
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visual inspection (Figure 2.2) it appears that TSI plateaus slightly from 50-60% 

completion of the test and again at 70-80% test completion before increasing for the final 

stage of the exercise, which could be seen as in agreement with Belardinelli and 

colleagues (1995) who found TOI “decreased more slowly and often reached an 

asymptotic value” after a certain point (80% VO2max). Regardless of the exact plateau 

location,TSI started close to 60% and decreased steadily to a nadir of 39%, which is 

comparable to previous findings of TSI resting values of 74% (true baseline) that 

decreased steadily to a nadir of 36% (Martin et al., 2009); thus confirming steady muscle 

deoxygenation with inceasing exercise intensity. 

 Previous studies have discussed the characteristic four phase response of muscle 

oxygenation as: (a) phase I – increase above baseline with onset of zero load exercise, (b) 

phase II – decrease below baseline with increasing power output, (c) phase III – levelling 

off near VO2max  despite still increasing power output, and (d) rapid increase above 

baseline exceeding that in phase I with recovery (Bhambhani et al., 1998). However, the 

characteristic four phase response of muscle oxygenation was based on the difference 

between HbO2 and HHb (Bhambhani, 2004). Regardless, the current data cannot confirm 

the four characteristic phases as baseline and recovery data was not collected. For the 

same reason, VT could not be determined with NIRS data as baseline values are required 

as determined by previous studies (Bhambhani et al., 1997; Grassi et al., 1999; Lai et al., 

2006; Xu et al., 2011). However, VT was found by graphing VCO2 versus VO2 and 

confirmed by a calculated slope (VCO2/VO2) of ≥ 1 as described by  Beaver et al., 

(1986).  
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 Limitations. The number of participants (n=7) would be seen as a limitation.  

More supporting data would have been useful to draw further conclusions from the 

findings of this study. 

CONCLUSIONS 

 Concurrent measurements with NIRS and a breath-by-breath metabolic cart 

allows researchers to develop a greater profile of the athlete non-invasively; NIRS 

provides peripheral information while the metabolic cart provides central cardiovascular 

measures. My data showed a strong relationship between the NIRS variables and whole 

body VO2, and also supports previous findings that tissue deoxygenation of the working 

muscle is not likely the direct cause of exercise termination during maximal incremental 

exercise tests, as a plateau in the NIRS variables occurred before termination of the test. 

However, future research measuring both the brain (pre-frontal cortex) and muscle 

simultaneously will assist to provide a greater understanding on the factors that contribute 

to task failure. Because of the recent portability of the NIRS devices, this also opens 

research opportunities  in applied  fields of study. 
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CHAPTER 3 

EFFECTS OF INTENSE EXERCISE ON CEREBRAL AND MUSCLE 

OXYGENATION IN ACUTE HYPOXIA 

ABSTRACT 

A central debate in exercise science literature is the nature of fatigue (central and/or 

peripheral) that determines exercise performance under different conditions (Swart et al., 

2009a). Hypoxia has a small but direct role on the cessation of exercise, specifically 

during endurance performances (Millet, Aubert, Favier, Busso, & Benoit, 2008; Secher, 

Seifert, & Van Lieshout, 2008). Furthermore, the pacing strategy is thought to be altered 

when the endpoint is falsified and the external environment is known to alter 

physiological variables (Tucker & Noakes, 2009). In this study we examined the effects 

of hypoxia and pacing strategy on central (brain) and peripheral (muscle) changes in 

trained cyclists. Cyclists (n=10; ages=27 ± 6.3 yrs) performed a maximal aerobic power 

(VO2max = 53 ± 6.7ml·kg
-1

·min
-1

) test prior to two 20km time trials (20TT) in randomly 

assigned order; one in normoxia (N; 21% O2) and one in acute normobaric hypoxia (H; 

15% O2). Participants were blinded to time, distance, grade of incline, and condition. 

Near infrared spectroscopy (NIRS) was used continuously to monitor changes in central 

(pre-frontal cortex) and peripheral (vastus lateralis) tissues. The absolute change in 

relative NIRS data was averaged (HbO2AVG, tHbAVG and HHbAVG respectively) between 

all participants at every 1% interval of the 20TT’s as was WattsAVG. Rating of perceived 

exertions (RPE) was recorded every 4kms (subject blinded). Data was analyzed in PASW 

Statistics 18. There was a significant reduction in time to completion (N = 51.2 ± 
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9.0mins, H= 57.1 ± 9.6mins) and WattsAVG (N = 237± 10.2W, H= 199±11.5W) during 

the hypoxic trial, but not RPE at any of the 5 intervals; an ‘endspurt’ was evident in both 

conditions. There was a significant difference at the pre-frontal cortex in HbO2AVG (N = 

11.5 ± 6.2, H = 7.1 ± 5.1) and tHbAVG (N = 14.9 ± 7.3, H =  6.8 ± 5.9), and in the vastus 

lateralis in HbO2AVG (N =  -1.2 ± 0.5, H = -2.8 ± 1.6), HHbAVG (N = 7.5 ± 0.7, H = 8.2 ± 

0.9), and tHbAVG (N = 6.3 ± 0.9, H = 4.7 ± 1.5). The results of this study suggest that in 

hypoxia the brain appears to be protected, and in the muscle there is a greater extraction 

of O2 to complete the same distance. Furthermore, this study showed that muscle 

oxygenation during the self-paced simulated 20TT showed a response that is distinctively 

different than the response to a maximal incremental test (Chapter 2); this response has 

not been previously identified in the literature. 
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INTRODUCTION 

During exhaustive exercise it has been suggested that both a central and 

peripheral mechanism of fatigue limit performance. Nybo and Rasmussen (2007) stated 

that the development of fatigue is “determined by an intricate interplay between 

psychological and physiological factors” and vary depending on mode, intensity, and 

duration of exercise as well as nutritional status and environmental settings. Hypoxia, for 

example, has a small but direct role on the cessation of exercise, specifically during 

endurance performance (Millet, Aubert, Favier, Busso, & Benoit, 2008; Secher, Seifert, 

& Van Lieshout, 2008). This cessation was previously thought to be due to inhibition of 

central motor output without any influences related to peripheral muscle fatigue and its 

associated afferent feedback (Amann et al., 2006a,b). To date, only a few studies have 

measured the physiological process of the brain and the peripheral muscle simultaneously 

during intense aerobic exercise performance (Amann, 2011; Billaut et al., 2009; De Blasi 

et al., 1995; Nielsen et al., 1999; Subudhi, Dimmen, & Roach, 2007; Woodside, 2011).  

However, it is suggested that “rather than concentrate on refuting theories of peripheral 

and central fatigue, research should focus on how the relationship between the two brings 

about fatigue” (Mauger, Jones, & Williams, 2009). Indeed, Amann (2011) more recently 

hypothesised that peripheral fatigue mechanisms regulate the central projection of central 

motor drive, thus developing central fatigue to only allow a certain degree of peripheral 

fatigue, termed ‘individual critical threshold’ (i.e., a relationship between the two). 

Although numerous studies to date have provided new information related to the factors 

implicated in short-term high intensity exercise, more studies of a longer nature 
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(endurance time trials), measuring central and peripheral fatigue factors simultaneously, 

and under different conditions (i.e. hypoxia), are needed to add additional information to 

guide our understanding of the mechanisms involved in central and peripheral fatigue. 

Critical factors thought to contribute to peripheral fatigue include (but not limited too): 

(a) metabolic crisis, (b) recruitment of all motor units, and (c) build up of lactic acid. The 

phenomenon of‘recruitment reserve’ (i.e., not all motor units are recruited) has been 

proposed (St Clair Gibson & Noakes, 2004). Alternatively, it has been suggested that 

there is a central governor hypothesis, controlled by the brain, that acts to protect the 

heart from ischaemia (Noakes, Peltonen, & Rusko, 2001) and further limits skeletal 

muscle recruitment during maximal exercise. Central nervous system (CNS) regulation is 

controlled by: (a) feed forward regulation from higher cortical structures (i.e., perception 

of fatigue and thus altered rate of perceived exertion[RPE]), (b) reflex inhibition of 

efferent neural command by type III and IV (i.e. reduced activation of the motorneuron 

pool due to a ‘disruption’ when processing a large amount of ascending fatigue signals) 

or (c) input from skeletal/cardiac/respiratory mechanoreceptors (Amann et al., 2006a; 

Calbet, 2006; Faulkner, Parfitt, & Eston, 2008; Noakes, St Clair Gibson, & Lambert, 

2004; Peltier et al., 2005). 

 To further investigate the influence of peripheral and central fatigue on exercise 

performance, hypoxia has been used as a perturbation. CNS hypoxia mediated reductions 

in central command  (i.e. inhibition of central motor output) exist outside any influences 

related to peripheral muscle fatigue and its associated afferent feedback (Amann et al. 

2006a; Calbet et al., 2003; Goodall et al., 2012; Kjaer et al., 1999; Millet et al., 2008; 
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Millet et al., 2012; Secher et al., 2008; Subudhi et al., 2007). This inhibitory effect of 

hypoxia on the CNS has been shown to have a direct inhibitory effect that could explain a 

deteriorated performance during exercise sustained at a given intensity (Millet et al., 

2008). It has been confirmed more recently that hypoxia did not alter the absolute rate of 

RPE progression but did reduce the power output, thus slowing the rate of RPE increase 

and prolonging the exercise duration (i.e. deteriorated the performance) (Swart et al., 

2009b). 

 To monitor the effects of central and peripheral fatigue on exercise performance, 

a number of studies have used NIRS (Bhambhani et al., 2006; Goodall et al., 2012; 

Hamlin et al., 2010; Matsuura et al., 2010; Millet et al., 2008; Rupp & Perrey, 2009; 

Subudhi et al., 2007; 2009; 2011; Vogiatzia et al., 2011; Woodside, 2010). NIRS is a 

noninvasive technology used to measure oxy-Hb and deoxy-Hb in the brain and skeletal 

muscle during exercise. Thus, the purpose of this study was to investigate the effect of 

hypoxia on cerebral and muscle oxygenation during self paced endurance exercise. It was 

hypothesized that there will be a decrease in cerebral oxygenation despite increases in 

cerebral blood volume throughout endurance exercise. This decrease in cerebral 

oxygenation would only be allowed to a certain extent due to CNS control, thus avoiding 

unfavourable consequenses, and would be amplified in hypoxia. Thus, exercise is limited 

after oxygen delivery to the brain becomes inadequate, specifically in hypoxia. In 

addition to this hypothesis, it was predicted that: (a) cerebral oxygenation (pre-frontal 

cortex) will show a slight decrease in hypoxic conditions (versus normoxic conditions) 

despite increases in total haemoglobin, and (b) muscle oxygenation (vastus lateralis) will 
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show a slight increase in hypoxic conditions (versus normoxic conditions) despite no 

changes in total haemoglobin. A secondary hypothesis was that the pattern of 

oxygenation, within the pre-frontal cortex and vastus lateralis during continuous 

endurance exercise will be similar to that of incremental exercise. 

METHODS 

Participants. Healthy, recreationally active cyclists between the ages of 18 and 

35yrs were recruited via a local cycling club (Regina Cycle Club) and advertisements 

both at local cycling stores and within the Kinesiology building at the University of 

Regina.  Both road and mountain bike cyclists were included in this study; cyclists have 

competed in off-road and road cycling races. Signed informed consent forms and the 

Physical Activity Readiness –Questionnaire (PAR-Q) were completed prior to any testing 

and height, body mass (recorded after as well), and age were recorded. It was requested 

that participants arrive properly hydrated, and have followed appropriate nutritional 

guidelines provided in the information sheet. Participants were also directed to keep a 

dietary log. Subject characteristics are presented in Table 3.1. All testing was performed 

in the off-season and participants were instructed to incorporate the time trials into their 

regular off-season training schedules.  
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Table 3.1 

Subject Characteristics of Male (n=10) Subjects 

Variables  Hypoxia_Normoxia (n= 4)  Normoxia_Hypoxia(n=6) 

Age (yrs)   26.5±7.1    28.2±6.0 

Height (Cm)   182.8±7.9    175.8±4.4 

Body Mass (Kg)  76.0±6.7    76.2±5.7 

BMI    22.7±7.3    24.6±5.1 

VO2max (mL·kg
-1

·min
-1

) 55.2±7.0    50.8±5.6 

*Hypoxia_Normoxia and Normoxia_Hypoxia refer to order trials were performed; n=4 

and n=6  refer to number of subjects that performed trials in that order* 

           

 

 

 

 

 

 

 

 

 



61 

 

 

 

Maximal Aerobic Capacity (VO₂max) Protocol – Procedures. All participants 

performed a preliminary maximal aerobic test to exhaustion to determine their VO2max 

and maximal heart rate.  All participants were asked to refrain from exercise within 24 

hours of testing.  Pre-exercise heart rate (HR) and blood pressure (BP) were taken to 

ensure that all cyclists were healthy to proceed. VO₂max test was performed on  a cycle 

ergometer (Velotron RacerMate, Seattle, USA). Following a 5 minute self-paced warm-

up (HR ≤100 bpm) the load was increased incrementally at a rate of 25Watts (W) every 

minute until either the participant could not sustain a steady pedal cadence of their choice 

or the participant reached volitional fatigue (Faria et al., 2005a). VO₂max was considered 

as achieved if the VO₂ plateaus (≤ 100mL increase with workload) and/or one or more of 

the following secondary criteria have been reached: (a) respiratory exchange ratio (RER) 

> 1.10, (b) HRmax ± 10bpm,  and/or (c) high RPE (Rupp & Perrey, 2008). 

20km Time Trials (20TT) Protocol – Procedures. Preliminary VO₂max testing were 

performed at least 48 hours prior to the commencement of the 20km time trial (20TT) 

and served as familiarization trials. Participants are required to perform the equivalent of 

¼ of the actual 20TT as a familiarization to the stochatic nature of the trial (Amann et al., 

2006a; Burke, Hawley, Schabort, St Clair Gibson, Mujika, & Noakes, 2000; Schabort, 

Hawley, Hopkins, Mujika, & Noakes, 1998). These cyclists were accustomed to this type 

of activity and cycle ergometer. 

To ensure that both 20TT (normoxic, hypoxic) were performed under the same 

experimental condition, all cyclists completed the tests at the same time of the day. Also,  
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participants were required to track their dietary intake for the progression of the 20TT 

(i.e., day the 20TT occur and 48 hrs between). Participants were directed to the USDA’s 

online interactive healthy eating index program MyPyramid Tracker 

(http://www.mypyramidtracker.gov/). Pre-exercise heart rate (HR) and blood pressure 

(BP) were taken prior to 20TT commencement. 20TT were performed on the same 

Velotron cycle ergometer used for the VO2max test. Seat and handle bar height were 

recorded from the familiarization trial and remained the same for both 20TT trials.  20TT 

followed the protocol of:  1min resting (baseline), 5min warm up, 20TT race, and 2 mins 

recovery while remaining sitting on the cycle ergometer. The two 20TT were performed 

in a randomly assigned order: one of which was normoxic condition (21% O2) and one of 

which was a normobaric hypoxic (15% O2) condition; both were performed within an 

environmental chamber (Hypoxic Training Systems; Hypoxico Inc). 20TT were 

separated by 48 hours, with the exception of one participant whose trials were seperated 

by 72 hours.  Trials were participant paced and single blinded; participants were blinded 

to all variables, physiological and cycling (e.g. HR, VO2, VE, distance, pedal cadence, 

power output, and time). To enhance the sensation of an actual road race the grade was 

held constant at 2%. Participants were told that the terrain mimiced would not be 

completely flat, but were not given the percent of incline nor how long the incline would 

last. Participants were instructed to pedal at a self-selected pace, but to complete each 

trial as fast as possible to mimic a race (i.e., pacing strategy) (Schabort et al., 1998; Burke 

et al., 2000) and to remain seated for the entire duration. Water was allowed ad libitum 

and the amount consumed was recorded after the termination of the 20TT.  
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Test Measurement Instrumentation. Preliminary VO₂max test and 20TT were 

performed on a cycle ergometer (Velotron RacerMate, Seattle, USA). Data collected 

during the preliminary VO₂max test includes that from the: (a) breath-by-breath metabolic 

cart (Vmax Sensormedics Spectra 229LV), (b) HR monitor (Polar F6), and (c) cycle 

ergometer (Velotron) software. Data collected during 20TT includes that from the: (a) 

NIRS at the site of the pre-frontal cortex (RAC SPEC NIRSImag 8/16, Germany) and 

right vastus lateralis (Artinis Medical Systems B.V. PortaMon SysID240), (b)  breath-by-

breath metabolic cart (Vmax Sensormedics Spectra 229LV), (c) HR monitor (PolarF6), 

(d) The Borg RPE Scale, and (e) Velotron software. NIRS data (HHb, HbO2, and tHb) 

was used to reflect changes in the concentration of haemoglobins (µmol·L
-1

). Metabolic 

cart data (VO2 [L·min
-1

], VE[L·min
-1

], VCO2[ L·min
-1] and RER), HR and RPE were 

used to determine exercise intensity (compared to preliminary VO₂max data) and 

determine pacing strategy (RPE).  The NIRS and HR data were collected continuously 

with event markers inserted discreetly at rest, start, every 4kms, and recovery. Power 

output (W) and revolutions per minute (RPM) were monitored  continuously from the 

Velotron cycle ergometer. Participants were asked for their rating of perceived exertion 

(RPE) at approximately each 4km mark. However, participants were disceived to believe 

RPE was asked at random intervals to cause uncertainty regarding distance travelled.  

Data Analysis. This study was a randomized crossover design in which 

participants were assigned two treatments (normoxia and hypoxia). Data from the NIRS 

was managed in OxySoft (Artinis Medical Systems B.V. PortaMon SysID240) and 

Matlab (RAC SPEC NIRSImag 8/16, Germany). All other data was recorded and 
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exported to be managed in Microsoft Excel. Data was analysed with PASW Statistics 18 

(SPSS Inc., Chicago, IL).  

 NIRS data was converted from time to percentage of 20TT completed. The absolute 

change in relative NIRS data was analyzed every percentile starting at 1% of 20TT. 

Haemoglobin difference (HbDiff = HbO2 – HHb), to reflect O2 extraction, was then 

calculated from the relative data. A repeated measures analysis of variance (ANOVA) 

model was used to complete the statistical analysis of the NIRS data within PASW 18 for 

both the pre-frontal cortex and vastus lateralis. This test was chosen to compare 

oxygenation levels at every 10
th

 percentile of the 20TT; within-factor was set as the 

environmental condition (normoxic, hypoxic). The significance level was set at p<0.05 

and Fisher’s LSD test was used as a post hoc analysis to determine where the differences 

occurred. For visual comparisons, HbO2, tHb and HHb were averaged between all 

participants at every 1% of the 20TT for both the pre-frontal cortex and vastus lateralis in 

each condition then graphed. Further, NIRS variables HbO2, HHb, and tHb were then 

averaged for the entire duration of the trial (HbO2AVG, tHbAVG and HHbAV) and compared 

between normoxia and hypoxia via student t-test.  

 Power output in Watts was averaged (WattsAVG) between all participants at every 1% 

of the 20TT in each condition and then graphed and compared visually as well. Power 

output was then averaged for the entire duration of the trial and compared between 

normoxia and hypoxia via student t-test. Figures 3.1 demonstrates Power Output (Watts) 

graphically. Figures 3.2 - 3.5 demonstrates all NIRS variables at each site (pre-frontal 

cortex; vastus lateralis) for each condition (normoxia;hypoxia); Figures 3.6 – 3.11 
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demonstrates NIRS variables (HbO2, HHb, and tHb) independently between conditions 

(normoxia versus hypoxia) at each site (pre-frontal cortex; vastus lateralis). RPE and HR 

was compared between conditions via student t-test at every 4 kms, as was the calculated 

heart rate to RPE ratio (HR:RPE); time to completion was also compared between 

conditions via student t-test.  

RESULTS 

 Near Infrared Spectroscopy. NIRS variables (HbO2, HHb, tHb, and HbDiff) were 

compared between hypoxia and normoxia for both the pre-frontal cortex and vastus 

lateralis. The repeated measures ANOVA failed to find differences between conditions at 

any of the intervals analyzed (start, every 10
th

 percentile, and end). However, differences 

were found over time within the same condition (start to finish of test). 

 Pre-frontal Cortex. Mauchly’s test indicated the assumption of sphericity had been 

violated for both within-subject effects (time and time*condition) for all NIRS variables: 

(a) HbO2 chi-square = 100.05, p < 0.05, (b) HHb chi-square = 86.95, p < 0.05 (c) tHb chi-

square = 97.24, p < 0.05 and (d) HbDiff chi-square = 102.60, p < 0.05.  Thus degrees of 

freedom were corrected using Greenhouse-Geisser estimates of sphericity for time: (a) 

HbO2 (e = 0.34) with F(3.44, 55.05) = 3.50, p = 0.02, (b) HHb (e = 0.44) with F (4.38, 

70.04) = 1.60, p = 0.18, (c) tHb (e = 0.37) with F (3.70, 59.06) = 3.31, p = 0.02, and (d) 

HbDiff (e =  0.37) with F (3.70, 59.26) = 3.57, p = 0.01. Degrees of freedom were also 

corrected using Greenhouse-Geisser estimates of sphericity for time*condition: (a) HbO2 

(e = 0.34) with F(3.44, 55.05) = 0.71, p= 0.57, (b) HHb (e = 0.44) with F (4.38, 70.04) = 
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1.44, p = 0.23, (c) tHb (e = 0.37) with F (3.70, 59.06) = 0.80, p = 0.52, and (d) HbDiff (e 

=  0.37) with F (3.70, 59.26) = 0.75, p = 0.55.  There was no Mauchly’s test of sphericity 

for between-subject effects (condition) for all NIRS variability, thus only one F value was 

received: (a) HbO2 with  F(1, 16) = 0.35, p= 0.56, (b) HHb with F (1, 16) = 0.01, p = 

0.93, (c) tHb with F (1, 16) = 0.44, p = 0.52, and (d) HbDiff with F (1, 16) = 0.34, p = 

0.57.   

 Vastus Lateralis. Mauchly’s test did not indicate if the assumption of sphericity had 

been violated for between-subject effects (condition) for all NIRS variables. Thus, due to 

Epsilon < 0.75, the degrees of freedom were corrected using Greenhouse-Geisser 

estimates of sphericity as well for time: (a) HbO2 (e = 0.20) with F(1.76, 14.04) = 1.84, p 

= 0.20, (b) HHb (e = 0.24) with F (2.16, 17.30) = 5.12, p = 0.02, (c) tHb (e = 0.20) with F 

(1.81, 14.50) = 5.04, p = 0.02, and (d) HbDiff (e =  0.20) with F (1.83, 14.67) = 1.92, p = 

0.18. Degrees of freedom were also corrected using Greenhouse-Geisser estimates of 

sphericity for time*condition: (a) HbO2 (e = 0.20) with F(1.76, 14.04) = 1.31, p= 0.30, (b) 

HHb (e = 0.24) with F (2.16, 17.30) = 0.18, p = 0.85, (c) tHb (e = 0.20) with F (1.81, 

14.50) = 0.00, p = 1.00, and (d) HbDiff (e =  0.20) with F (1.83, 14.67) = 1.15, p = 0.34.  

There was no Mauchly’s test of sphericity for between-subject effects (condition) for all 

NIRS variables (group n <3), thus only one F value was received: (a) HbO2 with  F(1, 8) 

= 1.02, p= 0.34, (b) HHb with F (1, 8) = 0.10, p = 0.76, (c) tHb with F (1, 16) = 0.00, p = 

1.00, and (d) HbDiff with F (1, 8) = 0.80, p = 0.40.   

 The significance levels (p > 0.05) indicates that the environmental conditions had no 

significant effect on NIRS variables, and that time (start, every 10
th

 percentile, and end) 
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and condition (normoxia, hypoxia) were found to have no significant interaction. 

However, ANOVA results for NIRS variables were found to be significantly different 

over time for: (a) HbDiff at pre-frontal cortex, and (b) HHb and tHb at vastus lateralis.  

The student t-test found significant differences (normoxia versus hypoxia) in: (a) 

HbO2AVG, tHbAVG, and HbDiff (not HHbAVG), in the pre-frontal cortex, and (b) HbO2AVG, 

tHbAVG, HHbAVG, and HbDiff in the vastus lateralis. Table 3.2 summarizes these results. 

Power output. Average power output was significantly reduced during hypoxia 

(M = 198.7±11.5wattsAVG) vs. normoxia (M = 237.4±10.2wattsAVG) where t (99) = -53.4, 

p = 0.00, d = 3.6. Time to complete the 20TT was also significantly different between 

normoxia (M = 51.2±9.0mins) and hypoxia (M = 57.1±9.6mins) where t(9) = 4.760, p = 

0.001, d = 0.64.  

Heart Rate and Rating of Perceived Exertion. The significant difference in Watts 

was not accompanied by any significant differences in RPE at any of the 5 intervals 

analyzed (Table 3.3), nor was the calculated HR to RPE ratio (HR:RPE). HR at the 20km 

(end) was significantly different between normoxia (M = 178.7±16.4bpm) and hypoxia 

(M = 169.4±23.1bpm) conditions where t(9) = -2.59, p = 0.03, d = 0.46.   
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Table 3.2 

Overall Average of NIRS Variables of the Pre-frontal Cortex and Vastus Lateralis in 

Hypoxia versus Normoxia. 

         Pre-Frontal (n=10)             Vastus Lateralis (n=5) 

Variables              Normoxia            Hypoxia                  Normoxia      Hypoxia  

HbO2AVG (Δµmol·L
-1

)     11.5 ± 6.2
a
 7.1 ± 5.1

a
                -1.2 ± 0.5

b                  
-2.8 ± 1.6

b
          

HHbAVG (Δ µmol·L
-1

)    2.1 ± 1.4 1.9 ± 1.4                 7.5 ± 0.7
c
             8.2 ± 0.9

c
  

tHbAVG (Δ µmol·L
-1

)    14.9 ± 7.3
d 

6.8 ± 5.9
d 

               6.3 ± 0.9
e
             4.7 ± 1.5

e
  

HbDiff (Δ µmol·L
-1

)
        

9.4 ± 6.0
f  

 5.2 ± 5.1
f
                -8.7 ± 0.8

g
           -11.0 ± 2.2

g 

Paired letters (a,a; b,b; ..) indicate significantly different between conditions ( p<0.05). 

*Only 5 of 10 subjects had data collected at vastus lateralis* 
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Table 3.3 

Rating of Perceived Exertion 

RPE                            Hypoxia                              Normoxia             

4kms      14.7±2.1   14±1.4 

8kms      15.9±1.8   15.3±1.8 

12kms      16.1±1.7   15.7±2.5 

16kms      16.9±1.8   16.75±1.9 

20kms      17.4±2.2   16.9±2.4 

Absolute RPE values ± SD; no significant differences found. 
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Figure 3.1. Average power output (Watts) in hypoxia and normoxia (n=10);*indicates 

significantly different between conditions (p<0.05).
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Figure 3.2. Average concentration changes (∆µmol·L
-1

) of NIRS variables (HbO2, HHb, 

and tHb) for pre-frontal cortex (brain) in hypoxia (n=10).
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Figure 3.3. Average concentration changes (∆µmol·L
-1

) of NIRS variables (HbO2, HHb, 

and tHb) for pre-frontal cortex (brain) in normoxia (n=10). 
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Figure 3.4. Average concentration changes (∆µmol·L
-1

) of NIRS variables (HbO2, HHb, 

and tHb) for vastus lateralis (muscle) in hypoxia (n=5). 
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Figure 3.5. Average concentration changes (∆µmol·L
-1

) of NIRS variables (HbO2, HHb, 

and tHb) for vastus lateralis (muscle) in normoxia (n=5). 
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Figure 3.6. Average concentration changes (∆µmol·L
-1

) of HbO2 for pre-frontal cortex 

(brain) in normoxia (N) versus hypoxia (H) (n=10);*indicates significantly different 

between conditions (p<0.05). 
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Figure 3.7. Average concentration changes (∆µmol·L
-1

) of HHb for pre-frontal cortex 

(brain) in normoxia (N) versus hypoxia (H) (n=10). 
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Figure 3.8. Average concentration changes (∆µmol·L
-1

) of tHb for pre-frontal cortex 

(brain) in normoxia (N) versus hypoxia (H) (n=10);*indicates significantly different 

between conditions (p<0.05). 

 

-10

-5

0

5

10

15

20

25

30

1
%

5
%

9
%

1
3

%

1
7

%

2
1

%

2
5

%

2
9

%

3
3

%

3
7

%

4
1

%

4
5

%

4
9

%

5
3

%

5
7

%

6
1

%

6
5

%

6
9

%

7
3

%

7
7

%

8
1

%

8
5

%

8
9

%

9
3

%

9
7

%

C
o

n
ce

n
tr

at
io

n
 (

∆
µ

m
o

l·
L-1

) 

Percentage of 20TT 

Pre-Frontal Cortex (tHb) 

Avg tHb H* Avg tHb N* Log. (Avg tHb H*) Log. (Avg tHb N*)



78 

 

 

 

 

Figure 3.9. Average concentration changes (∆µmol·L
-1

) of HbO2 for vastus lateralis 

(muscle) in normoxia (N) versus hypoxia (H) (n=5);*indicates significantly different 

between conditions (p<0.05). 
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Figure 3.10. Average concentration changes (∆µmol·L
-1

) of HHb for vastus lateralis 

(muscle) in normoxia (N) versus hypoxia (H) (n=5);*indicates significantly different 

between conditions (p<0.05). 
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Figure 3.11. Average concentration changes (∆µmol·L
-1

) of tHb for vastus lateralis 

(muscle) in normoxia (N) versus hypoxia (H) (n=5);*indicates significantly different 

between conditions (p<0.05). 
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DISCUSSION 

 This study advances our knowledge of the interaction between central and 

peripheral fatigue factors by analysing the effect of acute hypoxia on cerebral and muscle 

oxygenation measured simultaneously during a simulated 20TT. During the 20TT pre-

frontal cortex oxygenation (HbO2), total blood volume (tHb) and haemoglobin difference 

(HbDiff) were significantly lower during hypoxia versus normoxia. In comparison, 

during the 20TT the vastus lateralis muscle showed a similar response during hypoxia 

where HbO2, tHb, HbDiff were reduced. Perceived effort was similar between hypoxia 

and normoxia, despite less overall power (W) and significantly longer time to complete 

the simulated race in hypoxia. Taken together, the reduction in the NIRS variables during 

hypoxia in comparison with normoxia likely contribute to the reduction in power output. 

During the 20TT exercise at simulated altitude (FIO2 = 15%), the reduced oxygen 

availability is likely a reflection of a reduced cortical activation, as suggested by others 

(Bhambhani et al., 2007; Subudhi et al., 2007). 

Furthermore, this study showed that muscle oxygenation trend during a self-paced 

simulated 20TT endurance task was different than the response to a maximal incremental 

test; this response (i.e., HbO2 initially decreases then gradually increases to the end of the 

test) has not been previously qualified in the literature. Normally during a maximal 

exercise test, HbO2 continues to decrease from start to finish. However, in this study 

muscle HbO2 decreased initially and then continued to rise throughout the simulated 

performance. 
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Power output, Heart Rate and Rating of Perceived Exertion. The finding that the 

power output was significantly reduced and therefore prolonged the exercise duration in 

hypoxia supports previous research (Swart et al., 2009b; Woodside, 2011). RPE 

continued to increase during the simulated test in both conditions, although not 

significantly different between trials, which differs from the slowed progression of RPE 

in hypoxia that Swart et al. (2009b) previously found. Regardless, an increased time 

(p<0.05) to completion in hypoxia and significantly reduced power output would support 

a reduction in motor unit recruitment, as shown by Swart and colleagues (2009b) and 

Woodside (2011). These data also supports a steady decline in power output in both trials  

until the ‘endspurt’ that was evident in both conditions despite the participants being 

blinded to the performance variables (time, distance) (Albertus et al., 2005; Micklewright 

et al. 2010). This finding supports Amann’s (2011) hypothesis that exercise intensity 

during a time trial performance is reduced once the ‘individual critical threshold’ is 

reached, thus prompting the CNS via neural feedback to develop a reduction in central 

motor command which could then contribute to a central fatigue. It is also thought that 

inhibitory feedback of the central motor command can be ‘ignored’ briefly, allowing for 

the ‘endspurt’ found during the time trial (Amann, 2011). 

Pre-Frontal Cortex. Data from the current 20TT showed an increase and plateau 

in HbO2, with a lesser degree of oxygenation in hypoxia  (H = 7.1 ± 5.1 ∆µmol·L
-1

, N = 

11.5 ± 6.2 ∆µmol·L
-1

). HHb remains relatively stable from start to finish and does not 

differ between hypoxia and normoxia (H =1.9 ± 1.4 ∆µmol·L
-1

, N = 2.1 ± 1.4 ∆µmol·L
-

1
).  
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Vastus Lateralis (Muscle). Data from the current 20TT showed an increase in 

HbO2 and decrease in HHb from approximately 70%-100% completion of the 20TT; this 

remains true in both normoxia and hypoxia, but to a much larger degree in hypoxia. 

Overall, there was a greater degree of muscle oxygenation in hypoxia as HbO2 was lower 

(H = -2.8 ± 1.6 4 ∆µmol·L
-1

, N = -1.2 ± 0.5 4 ∆µmol·L
-1

) and greater degree of muscle 

O2 extraction in hypoxia as HHb was higher (H= 8.2 ± 0.9 4 ∆µmol·L
-1

, N = 7.5 ± 0.7 4 

∆µmol·L
-1

). HHb has been previously used to estimate O2 extraction response (DeLorey, 

Kowalchuk, & Paterson, 2003; Ferreira, Koga, & Barstow, 2007), thus the accelerated 

rise in HHb in hypoxia is thought to indicated increases in metabolic stress (Woodside, 

2011).  

Interaction Between Pre-frontal Cortex and Vastus Lateralis. The changes in 

tHbAVG and HbO2AVG are lower in the pre-frontal cortex as compared to the vastus 

lateralis suggesting a greater blood flow to the exercising muscle mass (Ainslie et al., 

2007; Woodside, 2011). This is also confirmed by the great O2 extraction (HbDiff) in the 

muscle. This finding is interpreted to indicate possible altered ischemia to the conscious 

decision making areas of the brain (Ainslie et al., 2007; Subudhi et al., 2008; Vogiatzia et 

al., 2011; Woodside, 2011) (i.e., pre-frontal cortex is more sensitive to hypoxia than the 

vastus lateralis, thus cerebral deoxygenation poses as a limitation). Although the pre-

frontal cortex is considered the frontal association area of the brain, the pattern of 

deoxygenation of the pre-motor and motor cortices have been shown to mimic that of the 

pre-frontal cortex, thus correlating with a decrease in voluntary motor output (Amann et 

al., 2007; Billaut et al., 2009; Seifert, Rasmussen, Secher, & Nielsen, 2009; Shibuya et 
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al., 2004a,b; Shibuya & Tachi, 2006; Subudhi et al., 2007; Thomas & Stephane, 2008). 

Furthermore, the ‘individual critical threshold’ theory implies that in normoxia the CNS 

receives ‘news’ from the peripheral muscles regarding the level of fatigue, thus 

developing central fatigue and a reduced central motor drive when the muscles are near 

their ‘individual critical threshold’.However, the ‘news’ from the periphery is no longer 

the primary determinant in reducing central motor drive in hypoxia when the CNS faces a 

direct threat (Amann, 2011), despite the accelerated rate of peripheral fatigue that is 

occuring. 

 Limitations. Due to the continuous nature of the data and the comparisons of 

conditions a repeated measures ANOVA is the appropriate test for data analysis. 

However, with the number of variables and measurements over time, an n ≥ 28 would 

have been required to achieve appropriate statistical power. Thus, with an n = 10, the 

repeated measures ANOVA failed to find significant differences between conditions. It is 

believed that with a higher n significant differences would have been found, as visual 

inspection of participants data indicate ‘biological’  difference between normoxic and 

hypoxic trials.  

The portable NIRS (PortaMon SysID240) experienced sweat damage during the 

first few trials and had to be sent away to the manufacturer for repair. Thus, muscle NIRS 

data was only collected for half of the participants reducing the generalizability of the 

results pertaining to peripheral factors. Tissue saturation index (TSI) provided by the 

Portamon software (vastus lateralis) was invalid as the program was not re-calibrated for 

the device sent in replacement of the sweat damaged device. NIRSImag software (pre-
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frontal cortex) did not provide TSI; the TSI calculated (TSI = [HbO2/tHb] x 100) within 

excel proved invalid and unreliable. Thus, for the purposes of comparison between the 

two sites, HbDiff was calculated and for the purpose of a preferred indicator of 

deoxygenation (HHb) was used; several others have adopted this guiding principle 

(Vogiatzia et al., 2011). 

Cardiorespiratory measurements were taken for 1 minute via breath-by-breath 

metabolic cart (Vmax Sensormedics Spectra 229LV) after the participants were asked 

their RPE (4km intervals). However, despite measures taken to ensure the cart was 

prepared for the hypoxic environment, data collected proved invalid and unreliable. 

These data would have aided to reflect changes in CMD (Amann, 2011).  Quanitifying 

biochemical status of the working muscle (e.g. blood lactate, muscle biopsy) would have 

assisted to determine the level of peripheral fatigue (Amann, 2011; Subudhi et al., 2011), 

however these techniques were not utilized. In addition to cerebral oxygenation (NIRS; 

indicator of blood volume), cerebral blood flow (transcranial Doppler; indicator of blood 

velocity) would have improved our understanding of cerebral oxygen demand (Subudhi 

et al., 2011). Skin fold measurements above the vastus lateralis would have confirmed 

that adipose tissue thickness was not an area of concern for this particular group of 

participants (Subudhi et al., 2011).   

CONCLUSIONS 

 This study measured the physiological process of the pre-frontal cortex (brain) 

and the vastus lateralis (peripheral muscle) simultaneously during intense, self-paced, 



86 

 

 

 

endurance exercise under normoxia and hypoxia. The primary finding was that 

differences in tissue oxygenation exist between the normoxia and hypoxia in both the 

brain and muscle during exercise. It is hpothesised that the reduction in power output 

during hypoxia may be related to reduced cortical activation as a result of some central 

“fatigue”. These findings contribute to the previous speculations that in hypoxia the 

central nervous system inhibitis central motor output without influences related to 

peripheral muscle fatigue (Ainslie et al., 2007; Subudhi et al., 2008; Vogiatzia et al., 

2011; Woodside, 2011). In addition, this study alludes to a difference in the pattern of 

oxygenation between continuous and incremental exercise that has not been previously 

identified. 
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CHAPTER 4 

SUMMARY OF CONTINUOUS VS INCREMENTAL EXERCISE ON 

CEREBRAL AND MUSCLE OXYGENATION 

Researchers have attempted to answer the age old question of what physiological 

mechanisms and factors alter or contribute to fatigue during high intensity endurance 

performance using a variety of protocols (i.e. constant-load, incremental, time trial, 

maximal voluntary contraction).  In the quest to support the primary hypothesis of this 

thesis both incremental and time trial protocols were executed. During this process a 

secondary inference of this thesis was established, i.e., does a difference exists in the 

pattern of oxygenation when continuous and incremental exercise are compared? 

CONTINUOUS EXERCISE 

Pre-Frontal Cortex. During continuous endurance exercise (20TT) it has been 

previously found that: (a) HbO2, HHb, and tHb increased rapidly for the first 5kms, then 

increased again at a decreasing rate from 5kms to15kms, then rapidly increases for the 

final 5kms, and (b) TOI (tissue oxygenation index) gradually increases in small 

increments from rest until 15kms, then rapidly decreases for the final 5kms (Hamlin et 

al., 2010).  

Vastus Lateralis. Additionally, during continuous exercise it has been previously 

found that: (a) HbO2 rapidly decreases for the first 5kms, plateaus from 5kms to15kms, 

then decreases again at a decreasing rate for the final 5kms, (b) HHb and tHb rapidly 

increases for the first 5kms,  gradually increase in small increments from 5kms-15kms, 
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then increases again at a decreasing rate for the final 5kms, and (c) vastus lateralis muscle 

TOI  decreases rapidly in the first 5kms, then decreases at a slower rate until completion 

(Hamlin et al., 2010). This supports previous findings that during continuous endurance 

exercise tissue absorbency showed a rapid decrease (rather than the increase seen during 

incremental exercise) followed by a gradual decline after approximately 20% completion 

of the 20TT within the vastus lateralis (Neary et al., 2001).    

INCREMENTAL EXERCISE 

Pre-Frontal Cortex. During incremental cycling exercise it has been previously 

found that: (a) HbO2 increases until a certain point (i.e. second ventilatory threshold, 85% 

completion, >80% peak power output) then decreases or plateaus, (b) HHb increases 

steadily (>50% peak power output), and (c) tHb increases with workload (Rupp & 

Perrey, 2007; Woodside, 2011) within the pre-frontal cortex. These findings were true in 

normoxia and hypoxia, although the magnitude of deoxygenation was greater (↓HbO2, 

↑HHb) and tHb showed a tendency for a rightward shift in hypoxia (Woodside, 2011).  

Interestingly, it has been shown that reductions in cerebral blood flow is not associated 

with decreased cerebral oxygenation and paradoxically, increased tHb (an indicator of 

cerebral blood volume) was associated with the reduced CBF; this was found to be true in 

normoxia and hypoxia (Heine, Subudhi, & Roach, 2009).  

Vastus Lateralis. Additionally, during incremental exercise it has been previously 

found that: (a) HbO2 remains unchanged during low intensity workloads then decreases 

during high intensity workloads, while HHb increases from onset to completion of 
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exercise and displays a sigmoidal profile in normoxia, (b) HbO2 decreases from onset to 

completion of exercise and HHb increases from onset to completion of exercise and 

displays a hyperbolic profile in hypoxia, and (c) tHb increases with workload until 

plateauing at >80% peak power output in both conditions (Rupp & Perrey, 2007; 

Woodside, 2011) within the vastus lateralis. This supports previous findings that tissue 

absorbency (OD values) shows an initial increase followed by a steady decline (Neary et 

al., 2001). However, the difference in HHb profile is not in agreement with the previous 

report that the pattern of deoxygenation during incremental exercise remains the same in 

normoxia and hypoxia (Subudhi et al., 2008). Both studies reported that the extent of 

muscle deoxygenation during an incremental cycling test has been found to be greater in 

hypoxia (Subudhi et al., 2008; Woodside, 2011). 

CONCLUSIONS 

This project showed that the pattern of oxygenation is not similar, more so for the 

vastus lateralis, when comparing continuous and incremental exercise; however, the 

effect of hypoxia on oxygenation was similar. The pre-frontal cortex shows similar 

responses (with the exception of HHb, which plateaus throughout) to previous continuous 

results (Hamlin et al., 2010). However, all three variables assessed for the vastus lateralis 

(HbO2, HHb, and tHb) showed a small increase for approximately the first 10% of the 

trial, then plateau. Thus, the pattern of oxygenation, extraction, and blood volume mimic 

each other, at least in normoxia; this did not hold true for my participants during hypoxia. 

An incremental test is designed to increase resistance at certain intervals until volitional 

exhaustion of the participants. A 20TT is designed for participants to mimic a race, which 
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allows participants to develop a pacing strategy. Since there was an ‘endspurt’ in both 

conditions, we know that participants were not completely fatigued at the end of the trial 

as they would be during an incremental test. Thus, according to central integrative 

theories, the brain and muscle worked together via feedback and feed forward 

mechanisms ensuring that an ‘endspurt’ was possible in the 20TT. This is supported by 

the steady state that appears to occur in the NIRS variables (i.e. oxygenation remains 

stable, rather than the continuous deoxygenation that occurs during an incremental test).  
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APPENDIX B 

Informed Consent Form: Central and peripheral fatigue in endurance cyclists during 

20 kilometer time trials 

Name of Participant (please print): 

___________________________________________ 

 

Signing this form indicates that you have read the following statements, are 

providing your consent, and are participating freely and willingly. 

 

 I understand that my participation in this study is voluntary and that I may 

withdraw from the study at any time for any reason without penalty.  

 

 I understand if I do agree to participate, my participation will involve vigorous 

exercise (20 km time trial), and muscle stimulation. The testing will require a 1 hour 

time commitment. 

 

 I understand and signed the Physical Activity Readiness Questionnaire (PAR-Q). 

 

 I understand that my personal information and the results of this test will be 

confidential. The data collected during the study as well as the personal information 

of the participants will be secured in a locked filling cabinet in a locked office. 

Barclay Dahlstrom and Dr. Patrick Neary (supervisor) will be the only people who 

have access to the raw data and personal information. 

 

 I understand that my name will not be used in any publications or presentations. 

 

 I understand that this project was approved by the Research Ethics Board, 

University of Regina. If I have any questions or concerns about my rights or 

treatments as participants, I may contact the Chair of the Research Ethics Board at 

the University of Regina at (306) 585-4775 or by e-mail: research.ethics@uregina.ca 

 

 I understand that if I have any questions or concerns about the research project, I 

may contact Whitney Duff in the Faculty of Kinesiology and Health Studies at the 

University of Regina at (306) 209-2346 or by email duff200w@uregina.ca 

 

 

 

Participant’s signature                  Date 

 

 

 

Researcher’s signature        Date 

mailto:research.ethics@uregina.ca
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