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Abstract 

 

The purpose of this thesis was to investigate the role of pacing in the development of 
fatigue through four studies which examined the impact of environmental and protocol 
manipulations, and evaluated the role of an ability to fluctuate pace during exercise at 
sub-maximal and maximal intensities.  The role of self-pacing in exercise protocols 
represents a distinct contrast to the use of enforced-pace exercise common in many 
conventional scientific protocols, and thus required the development of novel 
methodologies, relevant to current sporting practices, which were shown to 
demonstrate validity and reliability using a range of contemporary measures. 
 

Chapters 1-3 of this thesis provided a rationale for the studies, a review of relevant 
literature, and an overview of the scientific methodologies common to the studies. 
 

 

The study in Chapter 4 reported the findings of an investigation comparing 1) self-
paced and 2) enforced-pace exercise at matched intensities.  This study demonstrated 
that self-paced exercise poses a reduced metabolic challenge when compared to 
matched-intensity enforced-pace exercise. The study findings suggest that the ability to 
voluntarily fluctuate power output in accordance with transient sensations of fatigue 
may represent an important physiological mechanism used during self-paced exercise 
to defend homeostasis. 
 

The study in Chapter 5 reported the test-retest reliability of a self-paced perceptually 
regulated time-trial by comparing power output responses within- and between-groups 
of aerobically-matched participants.  Using a range of reliability measures this study 
showed that all participants were able to reliably reproduce the same power output 
over 5000m at a fixed rate of perceived exertion (RPE 15) providing evidence of the 
reliability of a sub-maximal time-trial protocol based on a fixed RPE score both within-
groups and between independently sampled groups. 
 

Chapter 6 reported a study which investigated the effects of intervals of radiant 
warming and thermoneutral conditions on pacing during a sub-maximal perceptually 
regulated exercise test.  Participants completed 5000m rowing trials in 1) warmed, 2) 
non-warmed, or 3) interval-warmed conditions.  Dynamic analysis of results showed a 
significant reduction in power during the first warming bout in the interval warmed 
condition, which was unobserved in the second period of warming.  The ability to 
complete each exercise bout with similar average power and performance time, despite 
significant changes to pacing within the trial demonstrated evidence of a multi-level 
pacing plan with the capacity to alter effort during a bout in response to thermal 
challenges, but without impact to overall performance within a trial. 
 

The final study in Chapter 7 reported the design of a novel perceptually regulated test 
of maximal aerobic power.  The study compared physiological and performance 
responses to repeated 1) self-paced perceptually regulated maximal exercise tests and 
2) conventional incremental maximal exercise tests.  Similar peak power outputs and 

2peakOV  were observed in the self-paced and conventional, enforced pace exercise tests 

(p>0.05).  The findings of this study validated a reliable self-paced maximal exercise 

test ( 2peakOV  CV<1%; icc 0.999) that presents a protocol which can be applied across 

multiple modalities, furthermore the dynamic analysis of the performance responses in 
this novel protocol provided evidence of energy-sparing pacing behaviours 
unobservable using conventional measures. 
 

This thesis has shown the importance of self-pacing in exercise through outcomes 
which cannot be demonstrated when the pace of an exercise bout is externally 
enforced.  The imposition of an enforced pace results in an increased physiological 
demand in response to a mode of performance that is unrelated to current sporting 
practices.  The positive impact of self-pacing on performance and physiological 
variables demonstrated in this thesis suggests that the ability to vary pace, under the 
influence of a model of complex metabolic control, is fundamental to optimal 
performance, and the incorporation of self-paced protocols in exercise testing is vital to 
the continued development of models of fatigue. 
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Chapter One 

 

1.1 General Introduction 

 

The aim of this thesis is to examine the relative impacts of self-paced and enforced-

paced exercise on the signs/sensations of fatigue.  Furthermore, it will investigate 

whether or not the facilitation of self-pacing may alleviate such sensations, thereby 

providing evidence of an influential central mechanism over performance. 

 

Until comparatively recently the study of pacing in exercise had been the subject of 

relatively few research articles (Foster et al., 1994, Foster et al., 1993), and the 

majority of exercise measures were conducted using enforced pacing strategies 

(Brooks et al., 1996b, Jeukendrup et al., 1996), in which participants performance was 

measured by their ability to maintain a power output equivalent to their maximal effort 

until exhaustion.  The ability to maintain a maximal effort was traditionally viewed as a 

peripherally limited factor (Kirkendall, 1990), but models of centrally limiting control 

have also been proposed (Newsholme et al., 1987).  The developmental nature of 

science often requires a modern re-evaluation of techniques, and thus this thesis will 

investigate the role of pacing and fatigue from a contemporary perspective in order to 

further the understanding of this previously overlooked area of exercise physiology. 

 

Fatigue has notably been defined as the inability to maintain an expected power output 

(Hultman and Sjoholm, 1986, Kirkendall, 1990).  Pacing within an exercise bout could 

thus be suggested to be a process or mechanism, which occurs in order to avoid the 

occurrence of an inability to maintain an expected power output.  It may be considered 

that to understand pacing, the literature must first distinguish how fatigue is brought 

about and whether limitations are peripherally or centrally invoked.  However, it could 

equally be argued, that investigation into the practices, such as pacing, which enable 

the avoidance of fatigue, may provide valuable insight into the topic of fatigue itself. 

 

One model of fatigue, known as complex metabolic control, considers the development 

of fatigue to be based upon a complex interaction of peripheral and central metabolic 

factors.  It may be distinguished from the isolated peripheral and central models of 

fatigue through its incorporation of feedback from peripheral factors which are 

interpreted centrally to avoid a catastrophic failure of physiological systems (Ulmer, 

1996, Noakes et al., 2004).  The incorporation of peripheral and central influences on 

performance makes complex metabolic control an attractive platform from which to 

investigate the role of pacing when compared with other models of fatigue, and has led 
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to a current interest in the role of pacing and the use of self-paced exercise in research 

protocols.  A more detailed review of the differing epistemologies of models of fatigue 

may be found in Chapter 2.2, whilst a critical review of the contemporary interest in 

pacing may be found in Chapter 2.5. 

 

Much of the research into the effects of fatigue has been conducted using trials to 

exhaustion at enforced paces of exercise (Brooks et al., 1996b), such protocols are 

rarely replicated in sporting performance, in which performers are much more likely to 

have a knowledge of an exercise endpoint and are therefore able to apply a pacing 

strategy to their performance.  Moreover, they do not allow for participant control, which 

may lead to motivational issues and withdrawal from an exercise bout as the only 

alternative through which the participant can modulate effort (Schabort et al., 1998).  

Self-paced time-trials have greater parity with the exercise requirements of sporting 

performances due to their ability to freely fluctuate pace when required, and may be 

adapted for application in a range of research environments.  The use of time-trial 

protocols and time-to-exhaustion protocols is discussed in Chapter 2.8. 

 

Perceptions of effort may vary during an exercise bout, thus the rate of perceived 

exertion scale (RPE), which has been previously described as a measure that 

encapsulates the sum of all sensations of physical exertion (Faulkner and Eston, 2007) 

has been used in self-paced exercise investigations (Eston et al., 2008, Mauger et al., 

2010a, Tucker et al., 2006a).  Ratings of perceived exertion are thought to consist of 

the integrated feedback of physiological and psychological mechanisms, which may be 

assigned a value between 6 and 20 (Borg, 1970).  RPE scales have previously been 

shown to be reliable and valid in a range of exercise environments details of which are 

reviewed in Chapter 2.6. 

 

The influence of a complex metabolic controller relies upon the assimilation of 

feedback from a range of metabolic measures and incorporated anticipation of an effort 

yet to come.  Support for such a system may be presented in light of numerous 

laboratory studies which have failed to identify a single metabolic variable or 

combination of variables which can definitively explain fatigue (Edwards and Noakes, 

2009). 

 

With the development of theories, comes new equipment, and the development of fast-

response technologies, now commonly used in sports science laboratories, make it 

feasible to examine the concept of pacing and fatigue in more dynamic experimental 

conditions than was previously practical (Sparling et al., 1993).  Physiological markers 
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of fatigue such as indicators of muscle recruitment and temperature regulation, 

previously unobserved due to the rates of data capture required, may now be 

measured dynamically and related to the perception of effort and pacing during 

exercise which may provide further understanding of the development of fatigue and 

thus the role of pacing within it. 

 

 

During the development of this thesis the investigation of pacing and fatigue has drawn 

interest from other researchers such as Mauger (2010a, 2010b) , Micklewright (2010), 

and Schlader (2010a, 2010b), however the initial aims of this series of studies remain 

un-addressed by the research literature. 

 

 

1.2 Purpose of the thesis 

 

This project will investigate the role pacing in the development fatigue. 

 

1.3 Aims of the thesis 

 

The aims of thesis are: 

 

To examine the relative impacts of self-paced and enforced-pace exercise on markers 

of fatigue. 

 

To investigate the influence of environmental variables such as radiant warming on 

self-paced exercise. 

 

To identify reliable methods of scientific observation which have relevance to current 

sporting practices. 
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The purpose and the aims of this thesis were achieved through four studies, each 

study has been written up separately, but the collective findings of all studies are 

brought together in a summary discussion in Chapter 8 of this thesis. 

 

 

Study 1:  A comparison of self-paced and enforced-pace exercise at a matched-

intensity. 

 

Study 2:  The test-retest reliability of power output in self-paced exercise: within-group 

and between-group observations. 

 

Study 3:  A comparison of self-paced exercise in response to intervals of radiant 

warming and constant thermoneutral conditions. 

 

Study 4:  A comparison of self-paced and enforced-pace exercise protocols on the 

assessment of maximal oxygen uptake. 
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Review of Literature 
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Chapter Two 

 

Review of Literature 

 

The following review of literature presents a critical review of the central themes of this 

thesis.  It will introduce the concept of fatigue and give background to the common 

perspectives of fatigue, it will then develop to introduce markers of fatigue, and discuss 

the concept of pacing before identifying other aspects of the research literature 

pertinent to this thesis. 

 

2.1 Fatigue 

 

The word ‘fatigue’ comes from the 17th century Latin word fatigare meaning ‘tire out’.  In 

modern society its use can refer to a wide variety of situations which could include 

military clothing, the breaking point of materials, or perhaps most commonly; extreme 

tiredness resulting from mental or physical exertion (Pearsall, 1999).  In the realm of 

sport science the term fatigue is equally not without its duplicates; for an academic 

from the field of psychology it may mean transient feelings of tiredness, for a 

biomechanist it may refer to a reduction in force, and for the exercise physiologist, 

fatigue has been traditionally defined as the inability to maintain an expected power 

output (Hultman and Sjoholm, 1986, Kirkendall, 1990); this may be attributed to failings 

of the cardiovascular, central nervous, or muscular systems or any combination of 

therein.  The context of the use of the term fatigue has been discussed by Abbiss and 

Laursen (2007) who advise that in the interests of clear dissemination of information, 

the context in which the term fatigue is used be clearly defined.  To those ends the 

following review of literature will start by describing and discussing the concept of 

fatigue from a physiological perspective, considering the field from the three most 

common models of fatigue; the traditional model, the central model, and the complex 

model. 
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2.2 Models of fatigue 

 

2.2.1 Traditional model of fatigue 

Some of the earliest work to influence the field of exercise physiology is that of 

A. V. Hill (Hill et al., 1924a, Hill, 1932) who investigated muscular exercise, oxygen 

uptake and lactic acid.  Hill’s work from 1924 was some of the first to describe a model 

of fatigue that we recognise today, and yet despite the intervening 80 years, the 

interaction of exercise, oxygen and blood lactate, particularly at maximal levels of effort 

are still sources of great debate (Bassett, 2009, Calbet and Lundby, 2009, Cheung and 

Flouris, 2009, Foster and Lucia, 2009, Gonzalez-Alonso and Mortensen, 2009, Kemi, 

2009, Marcora, 2009, Shephard, 2009a, Noakes and Marino, 2009b, Ekblom, 2009a).  

A traditional view of fatigue can be traced back to Hill’s measurements of 2OV  at 

maximum (Hill et al., 1924a) in which Hill described an oxygen uptake constant as 

“remaining constant because it cannot go any higher owing to limitations of the 

circulatory and respiratory systems”.  These studies are credited with shaping the way 

of future research (Bassett, 2002), which in some cases then took over 60 years to 

provide support for concepts that Hill had first envisaged (Sharp et al., 1986). 

 

A traditional perspective of fatigue predicts that fatigue will occur due to a failure in the 

cardiovascular system which prevents oxygen getting to an area of need; or by a failure 

in the contraction coupling cycle which brings about fatigue through an inability to 

remove the byproducts of Adenosine Triphosphate (ATP) resynthesis (Korge, 1995), or 

by a combination of these factors. 

 

In a cardiovascular model of fatigue, performance could thus be limited by any one of 

the following processes: 

 the ability to extract oxygen from the atmosphere and move it into the blood stream, 

 the ability to move oxygen from the blood stream to the working muscles, 

 the ability of the muscle to use the oxygen provided. 

 

In healthy individuals, the ability to extract oxygen from the air and move it into the 

blood stream is the function of the respiratory system, which at sea level, provides red 

blood cells with approximately 98% saturation, more than enough to sustain sub-

maximal exercise.  At altitude, oxygen saturation is reduced, but this decrement is still 

less likely to inhibit the performance of a healthy individual than the ability to move 

oxygen to the area of need.  As such, any failing in this model comes from the delivery 

of oxygen to the muscle, or its utilisation at the muscle rather than the delivery of 

oxygen to the circulation (Brooks et al., 1996a). 
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The movement of oxygen around the vascular system is primarily governed by the 

heart’s ability to pump blood.  In times of need the heart is able to increase heart rate 

and/or stroke volume in order to increase the volume of blood ejected from the heart, 

which is also known as cardiac output.  Cardiac output is however limited, and whilst 

endurance training is known to increase its capacity it is clear if all other aspects of 

exertion were not limited, fatigue could be brought about by the inability of heart rate 

and stroke volume of increase on an infinite scale.  Cardiac output can therefore be 

considered to be one factor which may bring about fatigue (Brooks et al., 1996a). 

 

The ability of the muscle to use the oxygen provided pertains to the efficiency of the 

contraction of skeletal muscle, much of which was described in work on the sliding 

filament theory of muscular contraction by Huxley and colleagues in 1954 (Huxley and 

Hanson, 1954, Huxley and Niedergerke, 1954).  As fatigue develops humans are 

known to reduce muscular power output, which suggests some effect is being exerted 

upon the contraction coupling cycle.  This observation should be combined with a 

biochemical knowledge that an increase in muscle lactate impairs the body’s ability to 

resynthesise ATP and therefore the ability to maintain power output. 

 

It is commonly thought that the failure of the contraction coupling cycle is primarily due 

to an inability to supply energy substrate at a rate fast enough to meet demand.  

However this is a misconception, as the inability for supply to meet demand (which 

moves humans from an indeterminately sustainable aerobic energy source into an 

environment whereby ATP must be synthesised using anaerobic means) is more likely 

to be due to an accumulation of selective metabolic byproducts, which cause a down-

regulation of the enzyme required to resynthesise ATP (Korge, 1995).  This process 

results in an increased reliance on anaerobic energy production and an accumulation 

of hydrogen ions, reducing the pH of the muscle and inhibiting the enzyme 

phosphofructokinase (Robergs et al., 2004).  In turn this stops the conversion of 

fructokinase-6-phosphate into fructose 1,6-biphosphate, (Nevill and Greenhaff, 1999) 

thereby effectively halting the cascade of energy until the demand for ATP reduces, the 

practical application of which is for the athlete to decrease the use of energy and thus 

power output, either by reducing intensity of exertion or by ceasing the exercise 

altogether. 

 

An additional factor which may be of influence in the failure of the contraction coupling 

cycle is the reduction of intramuscular calcium following prolonged periods of 

contraction.  Calcium is one of a number of neurotransmitters involved during muscular 
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contraction but evidence suggests that a reduction in its release may negatively affect 

the contraction coupling cycle (Green, 1997).  This is perhaps more pertinent when 

considered alongside the knowledge that the delayed return of calcium to the 

sarcoplasmic reticulum can increase muscle relaxation time (Hill et al., 2001).  

Furthermore, that during excitation of muscle tissue intramuscular calcium has been 

suggested to be taken up by the mitochondria consequently impairing mitochondrial 

function (Green, 1997) and in addition, that an increase in mitochondrial Ca2+ is known 

to reduce the phosphorylation abilities of the mitochondria (Brooks et al., 1996b).  

Collectively these factors present a strong argument for a peripherally based 

development of fatigue due to some failure in the contraction coupling cycle. 

 

The conclusions of many traditional models of fatigue hold that changes in metabolites 

in the chain of reactions from stimulation into action potential and into muscular 

contraction are what bring about a reduction in force at the muscle which is commonly 

termed ‘fatigue’. 

 

In contrast to the traditional, peripheral based model, some scientists (Meeusen et al., 

2006, Newsholme et al., 1987) have argued that fatigue occurs not at the end of the 

chain, but at the initiation, with a reduced neural output that brings about a reduction in 

the messages sent to the muscles and, as a consequence, reducing the force 

production of the muscle, the product of which is still termed fatigue, however the way 

in which this is suggested to occur is very different. 

 

2.2.2 Central model of fatigue 

The concept that fatigue may occur due to a reduction in the central drive rather than 

the peripheral feedback of physiological systems has a strong element of logic to it.  A 

popular hypothesis proposed in support of the concept of central fatigue is that, as 

exercise progresses the ratio of neurotransmitters associated with tiredness increases 

and this impairs the brain’s central drive and consequentially its ability to recruit motor 

units (Meeusen et al., 2006).  This theory conveniently suggests a solution to the 

complication of why neural activation might increase when power decreases in the final 

stages of fatigue (as has been previously observed (Crenshaw et al., 1997)) but is still 

somewhat based on the peripheral feedback of systems, as in order to increase the 

production of neurotransmitters, the brain would require afferent feedback from the 

muscles to acknowledge that insufficient motor units were being recruited.  The 

consequence of this system would be the further reduction of motor unit recruitment 

and the inhibition of muscle force production (St Clair Gibson and Noakes, 2004).  

Central fatigue theorists have suggested that the increases in serotonin levels in the 
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brain induced by exercise may bring about fatigue (Newsholme et al., 1987).  The 

neurotransmitter serotonin is thought to have a role in the regulation of mood, sleep, 

appetite, and emotion, and so its role in fatigue is indeed plausible, however despite 

numerous investigations evidence for the role of serotonin in fatigue during exercise is 

still lacking (Meeusen et al., 2006). 

 

Early work on the reduction of neural drive, which soon became known as the central 

fatigue theory, was initially accredited to Acworth et al., (1986) but is perhaps better 

recognised through its developments by authors such as Newsholme et al., (1987) and 

Meeusen and De Meirleir (1995).  Much of the development of this theory has now 

discounted serotonin as a singular factor in the development of fatigue during exercise.  

Moreover, it is likely that a complex interaction of substances such as dopamine, 

adenosine and ammonia (NH3) are involved.  In a 2006 review of Central fatigue 

Meeusen concluded that: 

“It is likely that the interaction of cerebral metabolic, thermodynamic and 

hormonal responses during prolonged exercise will determine the delicate 

communication between the brain and the periphery.  Fatigue is therefore likely 

to be an integrated phenomenon with complex interaction among central and 

peripheral factors” (Meeusen et al., 2006) p904. 

 

The idea of fatigue being either a central or a peripheral phenomenon is therefore 

increasingly less appealing.  Much of the previous research into fatigue has taken a 

reductionist approach, which involves the isolation of factors in order to investigate and 

quantify their effect.  However the reality of fatigue is that it presents as a dynamic 

multifaceted concept, and therefore does not lend itself well to a deductive investigation 

which has the potential to rule out factors which may be of great significance in a more 

complex view of fatigue.  Furthermore, the proposition of authors working from a 

central perspective, such as Meeusen, that fatigue may be an integrated phenomenon 

clearly coincides with suggestions from authors from a peripheral perspective such as 

Hargreaves, who, despite a lifelong bias toward a peripheral model has written that: 

“In the absence of significant changes in peripheral biomarkers of fatigue 

following impaired exercise in hot environmental conditions he must consider a 

more complex regulatory process” (Hargreaves, 2008) p1542. 

 

A regulatory process which incorporates feedback from both peripheral and central 

factors would indeed be complex, and would require such a mechanism to selectively 

respond or reject physiological feedback based upon pre-determined factors.  As 

fatigue may be brought about by the failure of more than one physiological system, a 
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complex model of fatigue must be sufficiently dynamic in order to respond to changes 

in feedback which may unacceptably hasten the onset of exhaustion. 

 

2.2.3 Complex model of fatigue 

The concept of a complex model of fatigue is often attributed to Professor Tim Noakes 

and his 1996 address to the American College of Sports Medicine’s Annual 

Conference, however any credit for the development of the concept should be equally 

attributed to a group of authors; including Lambert et al. (2005), St Clair Gibson et al. 

(2001b), and Ulmer (1996).  Indeed the suggestion of a central controller may be 

considered an aspect of the original work on models of fatigue by Professor A.V. Hill 

(Noakes, 2008a). 

 

Initial descriptions of a complex model of fatigue describe a process of fatigue 

managed by a central governor which acts as an assimilator of signals from biological 

mechanisms in the body that governs the body’s ability to create motor impulses, thus 

reducing muscle force and preventing the catastrophic failure of systems (Ulmer, 1996, 

St Clair Gibson et al., 2001b).  The concept originally described as the central governor 

model has since been progressed individually and collectively by authors such as 

Lambert et al. (2005), Tucker (2009) and St Clair Gibson et al. (2006) which supports 

the description of the model as a complex system integration of biological feedback 

and feedforward mechanisms (St Clair Gibson and Noakes, 2004).  

 

The model of complex metabolic control was described in a series of papers published 

in the British Journal of Sports Medicine (Noakes et al., 2004, Noakes and St Clair 

Gibson, 2004, St Clair Gibson and Noakes, 2004, Lambert et al., 2005, Noakes et al., 

2005).  The model incorporates a number of core concepts, central to these are the 

suggestion that a complex metabolic controller will assimilate biological feedback and 

manage performance in order to avoid a catastrophic failure of systems.  In contrast to 

peripheral or central models of fatigue it is proposed by this model, that feedback from 

peripheral physiological sources is combined with a central anticipation of the effort 

required to complete a bout of exercise, which culminates in the increase or decrease 

of effort in order to complete the bout without the catastrophic failure of physiological 

systems or an unacceptable disturbance to homeostasis. 

 

Evidence in support of this model is derived from situations in which physiological 

responses do not match those predicted by any individual peripheral model.  One 

notable example of this may be found in the investigation of exercise during the heat.  It 

is known that performers will fatigue and terminate exercise in advance of core 
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temperatures likely to cause damage to cells (Brooks et al., 1971, Gonzalez-Alonso et 

al., 1999).  In itself this suggests exercising individuals are able to predict a disturbance 

in homeostasis and initiate a change in the behavioural response, prior to a 

catastrophic failure of systems, be that through decreasing exercise intensity or 

aborting altogether.  In this situation, a peripheral model would predict the continuity of 

exercise at a similar intensity until a catastrophic failure of the thermoregulatory 

system, whilst a central model would fail to incorporate the increases in temperature 

and thus also continue to innervate a similar exercise intensity.  According to a central 

model of complex control the regulation of exercise intensity (power output) is a 

behavioural response to both feedback information from peripheral receptors and 

feedforward (anticipatory) mechanisms which regulate exercise intensity to avoid the 

development of bodily harm (Lambert et al., 2005, St Clair Gibson and Noakes, 2004).  

Additionally this model also addresses the perception of sensations of fatigue, which 

serve little purpose if performance is governed by either peripheral or central 

mechanisms, yet in common sporting practices the perceptions of fatigue play an 

influential role in exercise intensity and endurance. 

 

The sensations of fatigue and fluctuations in power output during a performance may 

therefore be an important feature of a regulatory process, based on information from 

various peripheral systems (e.g. muscle, respiratory, metabolic receptors) within a 

complex metabolic control system.  Multiple studies have suggested that discreet 

alterations in distribution of power output (pace) are evidence of a regulatory process to 

maintain a reserve of motor units and thus avoid catastrophic fatigue (St Clair Gibson 

et al., 2001b, St Clair Gibson et al., 2001a, Noakes et al., 2005).  Thus the influence of 

pace may be fundamental to the investigation of fatigue. 

 

Abbiss and Laursen (2005) have previously attempted to explain a number of 

mechanisms of fatigue in relation to endurance cycling performance.  Using nine 

different models of fatigue including models based on neuromuscular fatigue, 

thermoregulatory fatigue and psychological fatigue, the authors systematically 

explained each model using referenced articles of interest and relevance to cycling.  

Clearly a conclusion as to which is the ‘best’ physiological model to suit all analysis of 

fatigue would have been preferable, but given that such a concept has been the source 

of much debate for at least ten years, it was also unlikely.   

 

The singular review of multiple theories of fatigue by Abbiss and Laursen (2005) serves 

to highlight commonalities in models of fatigue which extend beyond the central 

governor model to demonstrate the relevance of peripheral mechanisms of fatigue to a 
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complex model of metabolic control (Lambert et al., 2005, St Clair Gibson and Noakes, 

2004).  The peripherally based metabolism of lactate has traditional been described as 

a mechanism of fatigue in response to the high levels of lactate accumulation recorded 

at the cessation of high intensity exercise, and improvements in buffering capacity as a 

consequence of training, which have been considered to highlight lactate as a factor 

fundamental to fatigue.  However as research has enhanced the understanding of 

lactate metabolism (Robergs et al., 2004), its role in fatigue has become less well 

defined; whilst the increased acidosis brought about increases in lactate accumulation 

may inhibit the further degradation of ATP, the acidosis itself may maintain cell 

membrane excitability in the presence of high extracellular potassium ions (Pedersen 

et al., 2004) thus allowing the continued propagation of neural impulses.  Furthermore, 

the increased H+ ions stimulating pain receptors, previous considered to impair 

performance (Bogdanis et al., 1994) may actually represent a signalling mechanism to 

create a feedforward mechanism of peripheral control. (Lambert et al., 2005). 

 

As a finalised model to explain the development of fatigue, lactate metabolism may be 

shown to be flawed, yet in certain circumstances its application is entirely appropriate 

and herein lies the progression beyond a central governor toward a model of complex 

metabolic control, underpinned by the observation that, to-date, no single factor which 

brings about fatigue in all situations has been identified (Lambert et al., 2005, Edwards 

and Noakes, 2009).  The complex model of fatigue may therefore be considered a 

model which incorporates influences of central control; factors such as motivation, 

experience or a central processor, and also incorporates concepts of peripheral control; 

factors such as body temperature or circulating levels of blood lactate. 

The complex interaction of these models is demonstrated in figure 2.1; an adapted 

version of the model developed by Abbiss and Laursen (2005). 

 

The integration of concepts of peripheral control which signal the potential for 

upcoming fatigue may be particularly relevant in the role of thermal fatigue. 

A discussion of the role of core and skin temperatures as peripheral mechanisms of 

control, signalling mechanisms, or physiological markers of fatigue follows in 

section 2.3. 
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Figure 2.1 Complex systems model of fatigue; the interaction of developed fatigue 

models. 

Adapted from (Abbiss and Laursen, 2005) 
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Whilst succinctly demonstrating the integration of multiple models of fatigue into on 

larger complex model Abbiss and Laursen also identify that many of the models of 

fatigue that have previously addressed the concept did so using a linear methodology, 

from the start of exercise toward a catastrophic failure.  This approach does not allow 

for the interaction of effects, such as hydration status, experience, and transient 

changes in effort perception, which is a scenario much more likely in the investigation 

of fatigue.  The suggestion of an interaction of effects provides support to the earlier 

conclusions of Hargreaves and Meeusen (Hargreaves, 2008, Meeusen et al., 2006) 

which referred to fatigue as an integrated phenomenon with complex interaction among 

central and peripheral factors. Abbiss and Laursen (2005) add strength to these 

suggestions of an integrated system by reporting that that researchers often fail to 

address alterations in muscle power mechanics and therefore view peripheral fatigue 

as the (integrated) combination of both neuromuscular failure and biochemical changes 

at the level of the muscle. 

 

The idea of complex control of metabolic fatigue is not without its critics (Hopkins, 

2009, Shephard, 2009b, Weir et al., 2006), some of whom are now calling for 

colleagues to ‘retire’ investigation into complex metabolic control on the grounds of 13 

years of research which has failed to prove that a central governor exists. 

In a review entitled ‘Is fatigue all in your head? A critical review of the central governor 

model’ Weir et al., suggested that central governor model (CGM) does not adequately 

explain fatigue in tasks that require very high forces and or power outputs for relatively 

brief periods (Weir et al., 2006).  The authors compared and contrasted peripheral 

fatigue and aspects of the CGM creating the position that, whilst they could agree with 

some aspects of CGM, it was suggested that a model of fatigue based on task 

dependency may also be used to explain the findings core to the CGM.  The article 

also discussed perceived flaws in the interpretation of electromyography, maximum 

voluntary contractions (MVC) and with results from the Wingate anaerobic test (WAT).  

The authors suggested that a central complex metabolic controller, and more 

specifically a pacing strategy, is not capable of explaining the maintenance of power 

output in MVC and WAT exercise bouts.  Instead they posited that the muscle gives 

feedback to the Central Nervous System (CNS) rather than the CNS governing or 

pacing the muscle. 

Noakes (2006) responded to the challenge to the theory of CGM by clarifying the 

model as a complex integration of metabolic systems as described by all five of the 

BJSM articles, but specifically toward the article surrounding the integration of systems 

and the concept of teleoanticipation (Ulmer, 1996), which proposes that an individual 

has some understanding of the effort gone and the effort yet to come.  Herein lies the 
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flaw of many of the rebuttals of CGM (Hopkins, 2009, Shephard, 2009b, Weir et al., 

2006) which fail to consider the model as incorporating an integration of systems, or 

perhaps more mistakenly consider the CGM as a physical space in the brain where all 

decisions about exercise are made.  Critics argue that researchers’ inability to identify 

the location of this central governor is therefore evidence that it does not exist.  

Proponents of the model however retort this accusation, by suggesting that by focusing 

on the detail of physiological responses these academics miss the bigger picture 

(Marino, 2010) the elephant in the room, as Noakes indeed alludes to (Noakes et al., 

2005).  He himself points out that “we cannot force Dr… to see what he does not want 

to see” (Noakes and Marino, 2009a). 

 

It is clear that fatigue is a multifaceted phenomenon and to consider it as anything 

other than a complex interaction of system appears flawed.  The muscular, central 

nervous, and cardiovascular systems appear not to work in isolation, thus in order to 

consider what fatigues a whole human being we must consider fatigue from a viewpoint 

which allows the investigation of a number of physiological systems and their 

consequential markers of fatigue. 

 

A physiological marker of fatigue common to traditional, central and complex models of 

fatigue is that of a set point core temperature at which participants will reduce exercise 

intensity or cease exercising altogether.  Whether that core temperature is a singular 

value of 40˚C (Nielsen et al., 1993) or a more likely better considered as an 

interthreshold range is still unclear (Cooper, 2002, Mekjavic and Eiken, 2006), however 

given its incorporation in a number of models of fatigue, core temperature appears to 

be a marker of physiological fatigue worthy of further investigation.  A further marker of 

fatigue previously used to identify the fatigued state of skeletal muscle is that of 

electromyographical stimulation, which has been used to conclude whether 

contractions from fatigued muscle can be superseded by electrical stimulation(Enoka, 

1995, St Clair Gibson et al., 2001a).  

 

 

2.3 Physiological markers of fatigue 

 

The following section of this review will consider thermoregulatory and 

electromyographic markers of the process of fatigue which are of particular relevance 

to this study, as both variables have previously identified as being of interest in the 

investigation of fatigue (Noakes et al., 2005). 
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2.3.1 Core Temperature (Tc) 

It is well known that exercise in the heat is more likely to bring about fatigue sooner 

than in a comparable bout of exercise in a thermoneutral environment (Galloway and 

Maughan, 1995, Gonzalez-Alonso et al., 1999, Tucker et al., 2004).  Humans are 

homeotherms and as such attempt to maintain a temperature independent of their 

environment.  The fixity of the (human) internal environment is the condition for free life 

(Bernard, 1878), and thus in any environment which may cool or heat that internal 

environment, the defence of core temperature is critical. 

 

During exercise the sum of the biological processes occurring causes an increase in 

core temperature, indeed it is suggested that up to 75% of the energy released in order 

to exercise is released as heat, due to skeletal muscle’s relatively low mechanical 

efficiencies (Astrand et al., 2003, Hagerman, 1984).  This rise from in-vivo heat brings 

about a sweating response in order to defend core temperature (Ekblom et al., 1971), 

for above 41˚C the interior of cells is known to deteriorate (Brooks et al., 1971).  It is 

not surprising therefore, that the body’s thermoregulatory mechanisms are primarily in 

place to protect against overheating (Maughan et al., 1996). 

 

The temperature regulation centre of the body is the hypothalamus, and any measures 

of core temperature are taken to be representative of changes in the temperature at the 

hypothalamus.  There is disagreement as to the precise average core temperature of a 

human at rest with figures from between 35 and 41˚C (Astrand et al., 2003, Sawka and 

Wenger, 1988); 36.6-37.1˚C, (Marieb, 2005); and 37 + 1˚C (McArdle et al., 2001) 

however these figures are generally consistent with the early work conducted by Carl 

Wunderlich in 1861 who is credited as first quantifying a mean core temperature of 

healthy adults (Mackowiak et al., 1992). 

 

Since core temperature is rarely measured at the hypothalamus itself, at least during 

exercise, researchers have had to identify alternative locations for measurement of 

core temperature.  Contemporary research seems to favour the measurement of core 

temperature at the oesophagus, which appears to provide the most appropriate 

measure of deep body tissue temperature (Mairiaux et al., 1983, Sawka and Wenger, 

1988, Sparling et al., 1993, Gant et al., 2006).  The development of short range 

telemetry to monitor core temperature; comprised of a silicon-coated ingestible 

transmitter and portable receiver, has made thermal physiological investigation far 

more dynamic and far less invasive.  The first published use of this CorTemp© system 

was by Sparling and colleagues (1993) in which they compared the efficacy of the 

ingestible thermistor with scores from a rectal temperature in subjects exercising at 
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different intensities, durations, and in different modalities.  Since then, use of 

thermometer pills in exercise investigation has become common place (Challis and 

Kolb, 2010, Domitrovich et al., 2006) and replaced many of the previously 

uncomfortable and unreliable measures of core temperature. 

 

Thermometer pill ingestion times as short as 30-45min prior to measurement have 

been proposed  (Domitrovich et al., 2006), however the pill has also been shown to 

exhibit a blunted response when compared with other measures of core temperature 

(Gregson et al., 2006).  Furthermore, such short ingestion times may cause readings 

from the pill to be influenced by the ingestion of hot or cold fluids (Sparling et al., 1993), 

thus longer ingestion times are more likely to elicit a balanced measure of temperature.  

O’Brien and coworkers (O'Brien et al., 1998) have suggested that a 2-3 hour ingestion 

period is insufficient to adequately advance the pill along the digestive system, 

preferring to use an ingestion of 12 hours prior to exercise.  Whilst this time frame 

demonstrated strong correlations with other measures of Tc these authors also failed to 

identify a signal from the pills on 3 occasions which could be suggested to be a 

consequence of the pill passing further along the digestive tract in some participants 

than others within the 12 hour window.  Edwards and Clark (2006) have previously 

used a 4 hour ingestion when observing thermoregulatory changes in soccer match 

play, whilst Gant et al., (2006) have shown ingestion times of 10 hours to be sufficient 

in order to observe reliable recordings from this system. Thus an optimal window for 

ingestion and reliable use of the thermometer pill appears to be within 5-10 hours of 

exercise commencement. 

 

In exercise of a mild to moderate intensity, such as that required to elicit a 2OV  of 1.0 

L∙min-1, core temperature could rise by approximately 1˚C every 15min without 

adequate heat dissipation (Kenney, 1998), however this rise can increase to a rate of 

1˚C per min during the initial moments of high intensity exercise (Gleeson, 1998).  

Clearly these rates of increase in temperature cannot be tolerated by the body for long, 

such rises would cause catastrophic failure of the contractile enzymes and put subjects 

into hyperthermic states of exercise termination within 15 to 20min of commencement 

(Gleeson, 1998).  Thus during any exercise humans must initiate an appropriate 

strategy to effect the dispersion of metabolic heat. 

 

Sub-maximal exercise which can provide sufficient cooling within an evaporative 

capacity, tends to provide the investigator with a relatively stable core temperature 

(Saltin and Hermansen, 1966).  However, as exercise duration continues, or as 

intensity increases the body’s capacity to remove the metabolic heat created by 



 

 20 

exercise diminishes and exhaustion ensues (Cheung and Sleivert, 2004).  Gleeson 

(1998) argued that during exercise at a constant work rate, heat production increases 

in a square wave fashion, and it is therefore important to realise that problems of 

hyperthermia and heat injuries are not restricted to prolonged exercise in a hot 

environment rather, that they are a reflection of the body’s heat production, so that 

even exercise in cool conditions can cause a substantial rise in body temperature.  This 

acceptance of the increase in temperature during exercise stems from studies as early 

as 1938 (Nielsen, 1938) which showed that body temperature was regulated at a 

higher level during exercise than at rest (Saltin and Hermansen, 1966). 

 

Hyperthermia is known to have a profound effect on cerebral activity, muscle activation, 

and perceived exertion during exercise, thus the monitoring of core temperature is 

important in the study of fatigue.  Whilst it is currently unclear how an elevated body 

temperature contributes to the development of fatigue it seems possible that a critical 

core temperature may serve as a protective mechanism to prevent damage to the body 

by bringing about premature fatigue in a hot environment and thereby limiting further 

heat production (Meeusen et al., 2006). 

 

The concept of a critical core temperature was first proposed by Nielsen et al., (1993) 

following an investigation into heat acclimation; the authors found that despite 

increases in exercise capacity following heat acclimation, fatigue occurred at similar 

oesophageal temperatures of around 40˚C (Toes=39.7 + 0.15˚C).  This finding was 

supported by the work of Gonzalez Alonso et al., (1999) who observed exhaustion in 

cyclists at Toes of 40.1-40.3˚C following prolonged exercise in environments with 

differing rates of heat storage.  These studies collectively promulgated a belief that 

humans would automatically fatigue when core temperatures reached 40˚C. 

The concept of a critical core temperature of 40˚C was challenged by Byrne et al., 

(2006) who tracked core temperatures in runners of a half marathon in Singapore, 

where the environment was 26˚C Wet Bulb Globe Temperature (WBGT) and 87% 

humidity, and showed that 18 runners (100% of their sample) completed the course 

with a Tc >39˚C, 56% of the sample completed the race with Tc >40˚C, and 11% of the 

sample completed the race with a Tc of >41˚C and all without symptoms of heat illness.  

In response to scepticism from other authors (McLellan, 2007) surrounding accuracy of 

these Tc measurements Byrne (2007) justifies the methodology and cites a 1977 paper 

(Maron et al.), which reports core temperatures of 41.9˚C, which is the highest 

asymptomatic Tc currently recorded during exercise. 
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Further challenge to the concept of a critical core temperature of 40˚C as an influence 

on exercise has recently come from Ely et al., (2009) in a study which compares 8km 

running performance in indoor (cool) and outdoor (warm) conditions.  These authors 

argue for the use of rectal measurements of core temperature despite previous work 

demonstrating that rectal temperatures show blunted responses to changes in core 

temperature (Sawka and Wenger, 1988) and a reduced sensitivity to changes in Tc due 

to localised blood flow in active skeletal muscle of the gluteal group (Kenney, 1998, 

Nielsen and Nielsen, 1962).  Although flawed in its methodology the work of Ely et al., 

(2009), does present further evidence of a limitation of core temperatures at 

approximately 41˚C, and given the variance that can be innate to most measures of 

temperature, the concept of a critical core temperature is not yet without a conclusive 

opposition, particularly as many authors now accept that this might be one 

physiological measure which forms part of a complex defence of fatigue (Cheung and 

Sleivert, 2004, Tucker et al., 2006c, Tucker, 2009). 
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2.3.2 Skin Temperature (Tsk) 

As previously identified, changes in core temperature are linked to altered physiological 

responses in order to maintain thermal homeostasis.  The thermal comfort of an 

individual is however, strongly linked with behavioural thermoregulation (Bulcao et al., 

2000), and that behaviour is as likely to be influenced by skin temperature as by core 

temperature (Frank et al., 1999).  In a study designed to quantify the relative 

contribution (or weighting) of core and cutaneous responses Frank et al., found a 1:1 

contribution of Tc:Tsk for thermal comfort.  The weighting was altered when vasomotor 

changes were assessed (3:1) and different again when assessing the contributions in 

relation to metabolic heat production (3.6:1).  These data suggest that Tsk has a greater 

contribution to thermal comfort than to autonomic thermoregulatory responses.  As Tsk 

is influenced more rapidly by changes in a thermal environment, the increased 

weighting of Tsk serves to initiate changes in behaviour before the activation of the 

more metabolically demanding responses that maintain body temperature.  The 

balanced contribution of 1:1 (Tc:Tsk) is in contrast to earlier work by Wyss and 

colleagues (1974) who found core to skin ratios of 20:1 in sweating humans, data 

which may have contributed to a perceived reduction in the importance of skin 

temperature in exercise.  Although greater understanding of the relationship between 

skin and core temperature is welcomed, it could be argued that the findings of Frank et 

al., and Wyss et al., which were developed using heated mattresses and warmed 

intravenous fluids, are less applicable when applied to an exercising situation due to 

the inability of participants to convectively cool during exercise. 

 

In a study by Saunders et al., (2005) investigating the effect of wind on heat dissipation 

during exercise, the authors elegantly demonstrated that body cooling may be limited 

more by the environment than by the individual’s physiological processes.  By varying 

wind speed during a laboratory based cycling exercise test, Saunders was able to 

demonstrate that in lab based studies with wind speeds of less than those seen in the 

equivalent outdoor exercise, that it was the environment, rather than the individual, that 

impaired heat removal.  When applied to the work of Frank et al., and Wyss et al., the 

finding from the Saunders work could be suggested to cast doubt on the efficacy of 

protocols using techniques which reduce the skins natural opportunities for heat loss, 

and although the logic of the skin as a first line defence in order to maintain body 

temperature in humans still holds true, the relative contribution of skin and core 

temperatures from studies which do not allow opportunity for natural heat loss may be 

less relevant. 
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A further study to investigate the skin and core temperature responses to heating and 

cooling by Huizenga and colleagues (2004) has demonstrated clear relationships 

between skin heating and core cooling using air sleeves to heat specific areas of the 

body.  They found quicker core response changes when heating areas of the pelvis 

and the chest than when heating the head, hand or face.  In a resting environment, the 

authors were able to calculate a reduction in core temp 7min after the application of 

skin warming.  They do not quantify response times of other body areas but offer the 

detail contained in Figure 2.1 to demonstrate the response of core temperature to the 

various local exposures of skin warming, notable in this Figure is the inverse 

relationship between Tc and Tsk, particularly apparent when the face and chest are 

warmed. 

 

 

 

Figure 2.2 Core and local skin temperatures during localised warming of a resting 

individual warmed using manoeuvrable air sleeves. 

Adapted from (Huizenga et al., 2004) 

 

The idea of skin temperature as integrally linked to core temperature is also supported 

by work from Flouris and Cheung (2009) who have shown that skin temperature and 

core temperature respond synergistically in order to maintain thermoneutrality.  These 

authors used a liquid conditioning garment capable of heating and cooling participants, 

which is obviously subject to the environmental flaw previously discussed, but is worthy 
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of inclusion here as the investigation also included a 10min exercise regime (previously 

identified as resulting in a heat gain of 137 Watts) in which the authors saw participants 

actively selecting to cool their suit as core temperature increased in exercise thereby 

demonstrating a mathematical equalization of skin and core temperatures which 

actually resulted in a heat gain of -1.3W during exercise. 

 

In order to avoid the influence of localised heating and cooling (as described by 

Houdas and Ring, 1982), a mean of skin temperature can be used to represent the 

sum effects of heating and cooling on the whole body.  Such a measure must take into 

account not only the surface area of a subject, but also the altered responses which 

may be seen in different areas of the body depending on local climate, exercise 

modality, and individual inter-subject differences. 

Early formulas devised to measure mean skin temperature were based on 

measurements from 7 sites (Hardy and Dubois, 1938).  In order to improve practicality, 

subsequent authors have attempted to minimise the number of measurement sites 

needed (Astrand et al., 2003).  The formula of Ramanathan (1964) based on 4 sites of 

measurement is commonly used to-date (Marsh and Sleivert, 1999, Tucker et al., 

2006c). 

 

Tsk ,˚C = 0.3 (chest + upper arm) + 0.2 (Thigh + Calf) Ramanathan (1964) 

 

The four sites identified in this formula are selected as areas over active muscles, on 

relatively exposed surfaces, and in important portions of the body that can influence 

temperature changes in the skin (Ramanathan, 1964).  Using this calculation the areas 

of measurement are divided in terms of whole limbs and surface area weightings are 

applied accordingly to provide researchers with a valid measure of mean skin 

temperature for comparison with other thermal physiological variables. Whilst the 

Ramanathan formula for mean skin temperature does not take into account localised 

changes in heating, it can be considered a measure of changes in skin temperature 

during whole body exercise and is recommended as a user-friendly reliable measure of 

mean skin temperature (Mitchell and Wyndham, 1969)  

 

Recent work by Schlader et al.,(2010a, 2010b) has asserted that skin temperature may 

represent a thermal controller of exercise following studies which progressively heat or 

cool participants during exercise.  In a 60min cycling bout Schlader et al., (2010a) 

found that greater work was completed in the trial which went from cold to hot when 

compared to the trial which went from hot to cold.  In support of previous work by these 
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authors (2010b) Schlader concluded that skin temperature plays an important role in 

the choice of exercise intensity upon exercise commencement. 

 

Whilst the relationship between thermoregulation and fatigue has yet to be identified; 

the influence of skin temperature on the defence of core temperature and the 

concomitant changes in exercise behaviour makes both these variables of current 

interest in the investigation of physiological markers of fatigue. 

 

 2.3.3 Electromyography (EMG) 

Electromyography (EMG) is a measurement tool used to identify the recruitment of 

motor units in skeletal muscle (Jurell, 1998).  More specifically it is the electrical 

representation of the neuromuscular activity of a contracting muscle (De Luca, 2002).  

This measurement method can be applied using needle electrodes by piercing the skin 

in order to isolate individual muscle fibres, but is more commonly used as surface 

EMG, in which electrode pads are placed on the skin approximately 1 cm apart, in a 

line parallel with the muscle fibres, and away from the tendinous insertion or the 

innervation zone of the muscle (De Luca, 1997).   The consequent recording of raw 

EMG can then be treated using a range of filters in order to eliminate signal noise and 

allow the correct interpretation of the EMG signal.  In an article on the use of surface 

electromyography (sEMG) De Luca (2002) discussed the role of electrode placement, 

filters and treatment of EMG signals, recommending the use of the root mean squared 

method in order to quantify EMG signal.  The root-mean-squared method provides a 

measure of the power of an sEMG signal, which can be used by researchers to 

demonstrate a clear physical meaning, which is not the case with other methods of 

EMG interpretation such as averaged rectified values or integrated rectified signals that 

measure the area under a signal curve or provide a uni-polar view of muscle activation.  

The root-mean-squared method of sEMG normalisation is therefore the preferred 

method of analysis for most applications (Burden and Bartlett, 1999, De Luca, 2002, 

Nowicky et al., 2005) . 

 

Reporting of an EMG signal is often normalised in comparison to a maximum voluntary 

contraction.  Recent experiments evaluating methods of EMG normalisation concluded 

that the use of isometric and isokinetic contraction to normalise EMG were better able 

to detect changes in the magnitude of force applied to the biceps brachii than using 

dynamic methods (Burden and Bartlett, 1999).  However the use of any normalisation 

procedure must be questioned when applied to dynamic multiple muscle movements 

such as those included in rowing ergometry.  In an article comparing the impact of 

ergometer design Nowicky et al., were unsuccessful in their attempts to normalise the 
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dynamic sEMG activity to a standard isometric MVC, as more peak muscle sEMG was 

observed during rowing than during the isolated MVC’s  themselves (Nowicky et al., 

2005). 

 

The role of EMG in fatigue is eloquently tested in a paper by St Clair Gibson et al., in 

which the authors contrasted the role of EMG in models of central and peripheral 

fatigue (St Clair Gibson et al., 2001b).  Their investigation found that electrical activity 

of the vastus lateralis muscle declined in parallel with power output decreases but that 

less than 20% of the available muscle was recruited at any time during a 100km time-

trial. 

 

The opposing arguments in the investigation of EMG are that; 

1: In fatigue EMG should increase as more motor units are needed to be activated 

due to reductions in muscle contractile function, through either excessive 

accumulation of metabolic acidosis or the depletion of intramuscular fuels which 

inhibit the ability to maintain force (Hulleman et al., 2007, Kirkendall, 1990). Or that  

2: EMG should decrease as the centrally regulated system reduces the efferent 

command to muscles thus reducing muscle tension.(Enoka and Stuart, 1992, St 

Clair Gibson and Noakes, 2004) 

 

The finding of parallel reductions in force and EMG activity, despite the use of only 

20% of MVC is in conflict with both of these traditional viewpoints, and suggests the 

presence of a mechanism which may bring about fatigue due to factors other than 

muscular activity.  The additional observation that following fatiguing exercise 

contractions of greater percentages of MVC can be produced by artificial stimulations 

(Bigland-Ritchie et al., 1986, Enoka, 1995, St Clair Gibson et al., 2001a) points toward 

the measurement of EMG as an important marker in the investigation of fatigue.  

However the use of varied methods of analysis and a lack of agreement on the 

directional magnitude of EMG in the development of fatigue contributes to conflicting 

evidence surrounding the role of EMG in fatigue. 
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2.4 Concept of a maximal exertion 

 

Inherent to the study of fatigue is the concept of maximal exertion.  The concept of a 

maximal voluntary contraction has already been rejected in studies involving dynamic 

multiple muscle movements, however maximal exertion is not just related to voluntary 

contractions, rather, it may better described as whole body exercise of the highest 

possible level.  The assessment of maximal oxygen uptake is perhaps the most 

common measure of exercise physiology (Howley et al., 1995).  The form of a 2maxOV  

assessment used to test physically capable individuals will most often comprise of a 

ramped exercise protocol which requires athletes to work to an ever increasing 

enforced exercise intensity, in an exercise bout to which they do not know the endpoint, 

until fatigue.  The assumed linear relationship between increases in power output and 

2OV  makes sense in a peripheral model of fatigue, in which it is predicted that humans 

will fatigue and stop exercise after a given period of time or at a given intensity, 

because of an inability to get oxygen to the working muscle.  However if, as has been 

argued, fatigue is part of a complex interaction of systems then the 2maxOV  test only 

assesses an individual’s ability to continue in the face of ever increasing resistance.  

Proponents of complex metabolic control point out that theoretically, at the end of 

‘maximal exercise’, when energy sources are depleted, that humans should be 

suffering from rigor mortis (Noakes, 2008b, St Clair Gibson and Noakes, 2004).  Since 

this is rarely the case, the body must have some mechanism by which it regulates 

‘maximal’ exertion in order to avoid catastrophic failure of the organism. 

 

It is beyond the scope of this review to discuss the strengths and weaknesses of the 

different exercise tests designed to predict 2maxOV  from sub-maximal scores, the 

interested reader is directed elsewhere (Bentley et al., 2007, Hawley et al., 1994, 

Howley et al., 1995, McArdle et al., 2001).  Rather it is the aim of this section of review 

to introduce the measurement of 2maxOV  in conjunction with the models of fatigue 

described earlier. 
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2.4.1 Measures of 2maxOV  

The British Association of Sport and Exercise Science (BASES) criteria for the 

assessment of maximal oxygen uptake require a test to satisfy any number of six 

criteria in order to acknowledge that 2maxOV  has been achieved (Bird and Davison, 

1997).  Their protocol for the measurement of 2maxOV  is a continuous protocol aiming 

to exhaust a participant in between 9-15min which requires participants to start at a 

pace that produces blood lactate concentrations of approximately 2 mmol.L-1 and an 

increase in exercise intensity every 1-2min, until volitional exhaustion. 

 

The six criteria set by BASES are 

1. a plateau in the oxygen uptake/exercise intensity relationship.  Defined as an 

increase in oxygen uptake of less than 2ml∙kg-1∙min-1 or 3% with an increase in 

exercise intensity. 

2. A final respiratory exchange ratio of 1.15 or above. 

3. A final heart rate within 10 b.min-1 of the age related maximum. 

4. A post-exercise (4-5min) blood lactate concentration of 8 mmol.L-1. 

5. Subjective fatigue and volitional exhaustion. 

6. A rating of perceived exertion of 19-20 on the Borg scale or equivalent. 

(Bird and Davison, 1997) 

 

It is commonly considered among exercise physiologists that a plateau in 2OV  uptake 

will be observed in an incremental exercise challenge which concludes in a maximal 

effort. It is believed that for a brief period, the aerobic energy systems are capable of 

sustaining exercise at a maximal intensity, after which participants will have to rely 

more on anaerobic energy production and thus a drop in 2OV  should be observed 

signifying the end of the test.  The ability to observe a plateau in 2maxOV  testing is 

contentious; work by Day et al., (2003) using continuous gas samples, found that a 

plateau-like response in oxygen uptake was only evident in 12 of 71 subjects (17%). 

However work by Snell et al., (2007) and following commentary by Howley (2007) has 

described participants as clearly capable of demonstrating an identifiable 2OV  plateau. 

 

Day and colleagues (2003), compared a constant load and incremental exercise trial 

and found no difference in peak 2OV and 2maxOV  plateau as calculated by the plotting of 

2OV  vs. work rate, suggesting that a peak 2OV  is likely to be a valid index of 2maxOV .  

The term peak 2OV  has been previously used by authors unable to observe a plateau 

(Bird and Davison, 1997) and therefore justify that they had measured 2OV  at 
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maximum.  However if only 17% of participants reach a plateau, and therefore reach 

the score defined as maximum, it could be argued that 2peakOV  is a more appropriate 

description than that of maximum.  Indeed, if maximum implies the maximal limit of the 

human body then surely the measurement of this score can only be superseded by an 

exertion beyond the limits of the human body.  This brings into question the 

terminology of the original measure. 

 

The term supra-maximal is used by Snell and colleagues (2007) who, in an effort to 

demonstrate that a 2OV  plateau can be observed, conducted a series of 2maxOV  tests 

on 52 participants, which were followed the day after by a supra-maximal test at an 8% 

gradient designed to fatigue the participants in 2 to 4min.  No difference was observed 

between the 2maxOV  scores seen at plateau and the 2OV  scores in the supra-maximal 

exercise, and thus it was concluded that incremental exercise tests do maximise 

oxygen uptake, and moreover, that a plateau in oxygen uptake can be observed in both 

male and female subjects of a trained status. 

 

A most notable difference between the work of Day et al., and Snell et al., can be found 

in their respective methods of gas sampling.  Whilst the Day study uses breath-by-

breath sampling of respired air at the rate of 1ml∙s-1, the work by Snell et al., sampled 

gas for 40s within each 2min stage.  It could be argued that the increased sample rate 

used in breath-by-breath analysis creates more data of greater precision, thereby 

masking a plateau which would be observed were fewer samples to be taken as is the 

case in the use of Douglas bag techniques.  Conversely it has been argued that the 

higher sampling rate provides a better opportunity to observe a 2OV  plateau (Astorino 

et al., 2005).  Research on the topic of 2OV  sample rates in plateau observation is 

scarce, but in order to conclude the physiological debate over the observation of an 

oxygen uptake plateau at 2maxOV , a consensus must first be reached on the 

methodology used to identify this extensively utilised measure. 

 

The supra-maximal testing of athletes following the final stage of 2maxOV testing has 

been termed a verification phase, and provides a new measure through which 

investigators can confirm the observation of a ‘true’ 2maxOV .  Midgley et al., have 

described a supra-maximal protocol in order to measure and confirm 2maxOV in a single 

laboratory visit, this is achieved by conducting an incremental 2maxOV  test, followed by 

a rest period standardised by both time and responses to motivational criteria, then 

conducting a verification phase of approximately 4.5min which culminates at an 
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exercise intensity 1 stage in advance of that which the previous test ended on (Midgley 

et al., 2009).  This protocol with a proposed set of standardised criteria was designed in 

response to the varied adoption of secondary criteria in the identification of maximal 

oxygen uptake. 

 

To-date only a small number of studies have utilised the process of verification to 

clarify the observation of maximal 2OV  without the use of any of the traditional criteria 

associated with its measurement (Midgley and Carroll, 2009), however concern 

surrounding the use of secondary criteria to confirm 2maxOV  has previously been 

reported.  In a study attempting to clarify the validity of secondary criteria associated 

with the attainment of 2maxOV  Poole et al., (2008) were able to identify that subjects 

could achieve secondary ‘maximal criteria’ at 2OV  values of much less than those 

eventually confirmed as maximal (Poole et al., 2008).  In one case a 2OV  of only 73% 

of maximum was sufficient to achieve secondary criteria.  Thus the verification phase 

developed by Midgley and Carroll may present a suitable alternative to the traditional 

use of secondary criteria in maximal exercise tests when used in conjunction with an 

exercise endpoint known to participants at the start of the exercise bout. 

 

The commentary by Howley (2007) on the need for a 2maxOV  plateau has since been 

followed by reviews from Levine (2008) and more recently, and controversially, by 

Noakes (2008b).  Each author has suggested that the mechanisms behind a true 

2maxOV  are uncertain, but Noakes went further by suggesting that because the 

majority of the traditional ramp tests (Rossiter et al., 2006, Winter, 2006) do not allow 

an athlete to self-pace or indeed know an endpoint, such tests can never “evaluate 

athletic potential or understand the biological basis of superior athletic performance.” 

(Noakes, 2008b) p554.  Indeed if fatigue is controlled by a complex interaction of 

metabolic systems it is incongruous that these would be best maximised in a test in 

which the athletes have so little control. 

 

The point as to whether maximal oxygen uptake is/is not limited by a central nervous 

system governor has recently been the source of much debate with authors arguing 

both for and against (Ekblom, 2009b, Noakes and Marino, 2009b, Ekblom, 2009a, 

Shephard, 2009a, Noakes and Marino, 2009a).  Whilst much literature was quoted, 

both sides of the debate ultimately concluded that they were correct, leaving readers 

non-the-wiser as to whether maximal oxygen uptake is/is not limited by a central 

nervous system governor. 
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In the same way that the nature of the majority of laboratory trials and their relevance 

to sporting performance has previously been questioned (Saunders et al., 2005), so too 

must the nature of enforced-pace exercise trials in a field where the majority of current 

sporting practices rely on a self-paced exercise bout.  A complex model of fatigue and 

its implications on the pacing of a bout of exercise requires exercise physiology to step 

back and conduct a modern re-evaluation of many of its practices (Noakes, 1997, 

Tucker and Noakes, 2009) 

 

 

2.5 Pacing 

 

The proper pacing of a bout of exercise is critical to optimal individual performance, be 

that in training or an Olympic final.  Conversely, improper pacing can easily influence 

an exercise bout and lead to failure and distress.  At the highest level of physical effort, 

pacing is critical to performance in order to use all available energy stores, but not so 

soon as to bring on fatigue which might impair performance. To most, pacing would 

seem an obvious area for scientific examination but up until 1993 the investigation of 

athletes pacing behaviour during competition received little attention (Foster et al., 

1993). 

 

2.5.1 Origins of the study of pacing 

Pacing strategy in an athletic event is widely acknowledged to have been first 

investigated by Foster and colleagues (Foster et al., 1993) however its origins can 

probably be traced back to as early as 600BC in Aesop’s fable about the Hare and the 

Tortoise (Temple and Temple, 1998).  The initial work of Foster et al., investigated 

changes in velocity during 2km cycling time-trials and proposed five pacing strategies 

for middle distance events, strategies which still form the basis of research literature 

today (Aisbett et al., 2009).  Using evidence from the 2km trials Foster suggested that 

athletes pre select a pacing strategy prior to an exercise bout and then commence 

exercise with a start strategy ranging from an ‘all-out’ start to ‘slow’ start, furthermore 

early works suggested that this strategy then influenced the nature of power output 

throughout the rest of the bout. 

 

In a recent article, Aisbett et al., (2009) investigated the effects of two of Foster’s five 

pacing strategies on 5min cycle time-trial performance.  They concluded that an all-out 

start (where athletes reached 235% Mean Aerobic Power (MAP) in the first 6s then 

reduced to an average of 100% MAP for the first minute of the trial) produced superior 

middle distance cycling performance when compared with a fast start (in which athletes 
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worked at a steady 127% MAP throughout the first minute of the trial).  They concluded 

that the improvement seen in an all-out start may have been brought about by a faster 

oxygen uptake response rather than the mere reduction in time.  In contrast Hettinga et 

al., (2011) recently found that optimising the pacing strategy of speedskaters by 

increasing their pace in the early stages of exercise was actually detrimental to the 

exercise bout and increased performance time.  Aisbett and colleagues are not the first 

researchers to consider pacing of an exercise bout to be about more than just the 

efficient use of energy stores.  In a recently published critical review of the 

physiological regulation of pacing strategy  Tucker and Noakes (2009) reference 

authors who also regard the rate of heat storage and body  temperature as integral to 

the study of pacing (Marino et al., 2004, Tucker et al., 2004). 

 

2.5.2 Contemporary interest in pacing 

The topic of pacing is currently enjoying a rise in popularity, with groups in Australia 

and South Africa both publishing reviews in the area.  Abbiss and Laursen (2008) 

recently reviewed pacing strategies during athletic competition adding to Foster’s five 

original strategies by describing negative, positive, parabolic, and variable pacing 

strategies, and also adding to the literature a better definition of pacing strategy as 

“how an athlete distributes work and energy throughout an exercise task” (Abbiss and 

Laursen, 2008) p239.  They concluded that optimal pacing strategies for bouts of 

various durations are dictated by an athlete’s ability to resist fatigue, which may be 

affected by one or more factors including energy availability and heat storage.  Once 

again it appears that a sound understanding of the mechanisms of fatigue and pacing 

are synergistically linked. 

 

Tucker and Noakes (2009) have recently published both a review of pacing and a 

model of pacing strategy (Tucker, 2009) which incorporates the interrelated factors of 

fatigue discussed by Abbiss and Laursen (2005).  In contrast to Foster, who suggested 

that pace is decided prior to exercise performance,  Tucker (2006c) has argued that it 

is decided in the first 4min of exercise, and later that pace may be reset or recalculated 

based on perception of fatigue throughout an exercise duration (Tucker, 2009).  The 

flow diagram in Figure 2.2 attempts to explain the way in which pace may be influenced 

during exercise by perceptions of fatigue: 
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Figure 2.3 Flow diagram showing the proposed model for the anticipatory regulation of 

exercise performance during self-paced exercise. 

Black shading denotes input to the brain, Grey shading denotes output or efferent processes. 

Adapted from (Tucker, 2009)  

 

According to Tucker’s model, the initial pace of a bout of exercise is influenced by 

current physiological inputs that may reflect the effect of recent exercise bouts and/or 

environmental conditions.  This current physiological status will be combined with a 

perception of the expected duration and the previous experience of such a bout to 

create an overall pacing plan or template for the bout.  Once exercise has commenced, 

this plan can then be adapted during the exercise bout.  In this model, initial 

physiological changes at the onset of exercise are fed back to the brain which matches 

these against the template and anticipated perception of effort.  This information is 

interpreted, and the work rate is then modified in order to match the template and avoid 

unacceptable disturbances to homeostasis prior to the known exercise endpoint. 

Underlying this model is the concept that pacing employs previous experience, a 

concept which is similar to the early work of Foster et al., (1994).  However this model 

progresses the understanding by attempting to explain the drive to alter performance, 

through transient perceptions of fatigue.  Whilst it is well known that performers alter 

power output throughout a bout of exercise according to perceptions of fatigue, until 
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recently models through which these changes were brought about were not available.  

Indeed such models are only accessible if fatigue is considered as a complex 

interaction of metabolic factors. 

 

Evidence in support of purposeful adaptations of effort during a bout of exercise has 

been previously presented through the observation of the variations of effort during an 

exercise bout.  McLellan et al., (1995) has demonstrated biological variation to be an 

important feature in sub-maximal exercise.  These authors observed coefficients of 

variation ranging from 2.8% to 31.4% in time-to-exhaustion in 5 repeated cycle-based 

time-trials.  The study went on to identify that the low variation group exercised at a 

significantly higher percentage of 2maxOV  than that of the high variation group, 

however the study never looked at variation within each time-trial, and how that might 

affect the time-trial performance.  This separation of biological variation could be 

considered to represent those who prioritised performance time over effort and 

therefore exhibited high biological variation by exercising to an enforced pace, in 

contrast to those who prioritised effort over performance time who may be suggested to 

have exercise at a self-paced intensity and demonstrated low biological variation. 

 

Data from the Tucker et al, (2006a) identified non-random fluctuations in power output 

during a 40 km cycle time-trial.  Whilst fluctuations in performance have often been 

observed, this study was one of the first to show demonstrable evidence of patterns 

which have been proposed to be the behavioural response to disturbance in 

homeostasis.  By recording dynamic power output and applying a mathematical 

procedure known as Fourier analysis, which looks for waves patterns within data, 

Tucker et al., were able to identify non-random fluctuations in the power output of 

cyclists completing the all-out time-trial.  These fluctuations may have been previously 

dismissed as recording noise, however when considered alongside a model of fatigue 

which incorporates feedback from multiple physiological mechanisms, some variability 

in a performance response ought to be expected. 

 

In the consideration of a contemporary perspective of pacing, the intra-trial fluctuations 

of power output seen in self-paced exercise bouts are unlikely to be simply due to 

random misjudgements of pace.  Rather it is probable that these fluctuations of power 

output are important behavioural responses during exercise at times when 

homeostasis is challenged (St Clair Gibson et al., 2006, Tucker et al., 2006a). 

 

Building on the supposition that changes in pacing reflect the need for a biological 

mechanism to avoid a catastrophic failure of systems, Edwards and Noakes (2009) 
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have proposed a model of multi-level pacing plans with specific reference to elite 

soccer.  This model incorporates the concept of a predefined pacing plan, with one in 

which biological feedback induces performance responses which may increase or 

decrease effort during a bout of exercise.  The macro- and meso-pacing plans 

proposed by Edwards and Noakes are suggested to allow players to defend set points 

of homeostatic imbalance, whilst a micro pacing strategy is also employed in order to 

respond to dynamic changes in a game.  Collectively these plans allow players to 

complete a full match and still avoid the failure of any single physiological mechanism, 

through a dynamic up and down-regulation of effort, this concept is described 

graphically in Figure 2.3.  Evidence for this proposal is presented in light of the 

absence of core temperatures sufficiently critical to cause the immediate cessation of 

exercise, and in response to the failure of numerous previous studies to identify a 

single metabolic factor linked to the development of fatigue in self-paced exercise 

(Lambert et al., 2005). 

 

 

Panel A represents a schematic view of the ‘meta’ pacing strategy pre-set by each individual 

player at the commencement of the match. The horizontal line represents exercise-homeostasis 

(subconscious level of tolerable physical discomfort) the player anticipates experiencing during 

the game. The oscillations represent the dynamic (micro) pacing strategy to release energy and 

sustainable effort in relation to the long term objectives. Panel B represents the meso-pacing 

plans (1
st
 and 2

nd
 halves of the match) with differential levels of subconscious regulatory points 

between halves of the match. The second half level is subconsciously down-regulated from the 

first half although the mean of the two (dotted line) broadly equates to the pre-match 

expectations of the player.  

 

Figure 2.4 Multi-level pacing plan showing the proposed model of macro-, meso- and 

micro-pacing strategies employed in the first half and second half of a soccer match 

(Edwards and Noakes, 2009). 
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In the diagram by Edwards and Noakes it should be noted that both halves end with an 

increase in effort.  This increase has been referred to as an end-spurt and is common 

in self-paced activities.  An end-spurt in self-paced performance was observed by 

Catalano (1973) who monitored the repetitive tapping of a telegraph key and found that 

subjects increased their effort at around 90% of task completion.  The work of Catalano 

also identified not only that end-spurts may be scalar to the length of time spent on a 

task, but also that the increase in effort within the spurt may be proportional to the total 

decrement in effort (Catalano, 1974a).  The presence of an end-spurt or increase in 

effort has been used to justify the suggestion that time-trial exercise bouts are not truly 

maximal (Hinckson and Hopkins, 2005a). However the persistent appearance of an 

increase in effort toward the end of a self-paced exertion (Billaut et al., 2010, Catalano, 

1974a, Tucker et al., 2006b) may be better described as confirmation of scalar rather 

than absolute pacing in maximal trials (St Clair Gibson et al., 2006). 

 

Much of the recent work in pacing studies uses a scale of ratings of perceived exertion 

in order to quantify perceptions of effort and pacing during an exercise bout.  The scale 

of Rating of Perceived Exertion will therefore now be introduced. 

 

 

2.6 Use of RPE 

 

2.6.1 Origins of RPE 

The rate of perceived exertion scale was conceived by Gunnar Borg in the 1960’s and 

first published in its entirety in 1970 (Borg, 1970).  Since then Borg and others have 

developed additional scales for use with different populations (Grant et al., 2002, Eston 

et al., 2008, Noble et al., 1983, Borg, 1998), and those scales have themselves been 

adapted (Eston et al., 2009) in order to meet the needs of investigators requiring a 

subjective scalar rating. 

 

Perceived exertion is said to reflect the sum of all sensations of physical exertion 

(Faulkner and Eston, 2007) and is thought to consist of the integrated feedback of 

physiological and psychological mechanisms, to which Borg assigned a value between 

6 and 20.  The scale was designed for use with physiological functions such as heart 

rate and oxygen consumption such that at an RPE of 6 an individual would exhibit a 

heart rate of approximately 60 b.min-1, whilst an RPE of 20 would elicit a heart rate of 

200 b.min-1.  The values are corresponded with a verbal anchor that goes from ‘No 

exertion at all’ at 6 to ‘Maximal exertion’ at an RPE of 20.  The verbal anchors were 

changed slightly in a later edition of Borg’s work, (1998) however the 6-20 scale has 
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remained the same and is accepted as a reliable measurement tool by many 

researchers and organisations including the ACSM (2005). 

 

The summation of all sensations of physical exertion may be seen as both a strength 

and a weakness of a scale of perceived exertion.  Whilst a rating of perceived exertion 

may provide researchers with a quantitative score to indicate how hard participants 

perceive they are working, recent research has suggested that this uni-dimensional 

value fails to take into consideration emotional and cognitive factors (Micklewright and 

St Clair Gibson, 2010) which may influence participant’s ratings of perceived exertion, 

creating a difference between perceived exertion, and the experience of exercise.  To-

date the RPE scale remains an accepted reliable and valid measurement tool in the 

assessment of psychobiological aspects of exertion, in the absence of a suitable multi-

dimensional scale of fatigue the use of ratings of perceived exertion to quantify 

participant’s perception of effort remains an appropriate measurement tool, albeit to be 

used with caution. 

 

2.6.2 Use of RPE in different exercise environments 

Borg and Ohlsson demonstrated test-retest reliability of the RPE scale with runners 

completing an 800m track run on 3 occasions.  Heart rate correlations across the three 

trials varied from r=0.64 to 0.89, the highest correlation was seen between trials 2 and 

3, with the lowest between trials 1 and 3.  This pattern was repeated in the reliability of 

RPE scores which varied from r=0.69 to 0.87, suggesting that RPE was as good a 

measurement tool as heart rate for repeated trials of exercise intensity (Borg and 

Ohlsson, 1975).  The use of the RPE scale has since been validated in a number of 

exercise modes including cycling (Skinner et al., 1973), walking and running 

(Robertson, 1982),  swimming (Ueda and Kurokawa, 1995), stepping (Walker et al., 

1996) and rowing (Marriott and Lamb, 1996). 

 

An interesting study by Kang and colleagues (2003) used a Rating of Perceived 

Exertion scale to compare exercise at 50% of 2maxOV  and 70% of 2maxOV  using 

alternative exercise modes.  In a multiple crossover design participants completed a 

graded exercise test on a treadmill (TM) and on a cycle (C) giving RPE indications after 

every minute (estimation phase). On subsequent visits subjects were asked to perform 

20min of exercise at 50% or 70% 2maxOV of their cycle or treadmill score on either a 

treadmill or cycle ergometer (production phase).  This design allowed researchers to 

test the efficacy of assessing performance based on an alternative mode of exercise to 

the original measurement.  Moreover, it allowed researchers to compare the effect of 

exercising to a rate of perceived exertion across different exercise modes.  The authors 
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found no differences in the estimation and production of both HR and 2OV  when 

compared across similar exercise modes (TM/TM and C/C) demonstrating that rates of 

perceived exertion can be confidently used to produce exercise of up to 20min at both 

50% and 70% of 2maxOV  in exercise of a similar modality.  However, when using the 

TM estimation target in the C production trial the researchers found that 2OV  was 

consistently lower at both 50% and 70% of 2maxOV .  This was supported by a 

consistently higher 2OV  in the TM production trial which used the C estimation target.  

Perhaps the most pertinent finding from this work was that, when the individual scores 

were adjusted to represent % of a max value there was a notable trend to suggest that 

when estimation trial scores are taken from a different exercise modality scores using 

for similar ratings of perceived exertion appear at least comparable.  

 

Table 2.1 Physiological measures estimated and reproduced during intra-modal 

exercise at 50% and 70% 2maxOV . 

 

Conditions Mode specific % 2maxOV  

 est/prod 5min 10min 15min 20min 

50% 2maxOV  TM/C 50 50 51 52 

 C/TM 53 53 54 55 

70% 2maxOV  TM/C 65 66 68 69 

 C/TM 72 73 72 74 

 Mode specific % HRmax 

50% 2maxOV  TM/C 70 71 71 73 

 C/TM 68 70 69 71 

70% 2maxOV  TM/C 80 81 84 85 

 C/TM 83 83 86 87 

(Adapted from Kang et al., 2003) est, estimation trial; prod, production trial; TM, treadmill; 

C, cycle. 

 

In a remarkably similar study to that of Kang et al., (2003), Dunbar and colleagues 

(1992), some years earlier demonstrated similar findings when attempting to reproduce 

RPE scores using cycle and treadmill ergometry, with the notable exception that 

Dunbar et al., identified a significant reduction on the 2OV  and heart rate responses in 

the production trial of the treadmill-treadmill exercise at 70% 2maxOV , which was not 

observed in any other comparison. 
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In response to this unanticipated observation Dunbar et al., acknowledged flaws in their 

matching of modality between estimation and production trials.  In the estimation trial, 

the use of the Bruce protocol had involved athletes working on a treadmill at gradients 

which precipitated the participant to walk, however in the production trial a fixed 

gradient of 0% was used and participants where asked to produce the estimated RPE’s 

by increasing treadmill speed.  This study raises questions regarding the reliability of 

exercise regulation based on perceived exertion, however it could be argued that these 

questions are due to methodological inconsistencies rather than inconsistencies of 

exercise with the RPE scale.  The Dunbar study did demonstrate participants’ abilities 

to accurately reproduce performances in cycle-to-cycle, in cycle-to-treadmill, and in 

treadmill-to-cycle trials, thus it may be that the ability to accurately reproduce the 

quality and consistency of a perceived exertion may be much easier for a participant in 

a more stable physical environment such as cycling or alternatively rowing. 
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2.6.3 Reproducibility of RPE 

In rowing, RPE was shown by Marriott and Lamb (1996) to be a valid measure of 

physiological strain and, especially at higher levels, a way of regulating the intensity of 

rowing ergometry.  In this study nine competitive male rowers were recruited to 

participate in a study involving an estimation trial and a production trial.  In the 

estimation trial subjects were asked to complete a discontinuous incremental exercise 

test increasing exertion by 40W per 3min stage, within which 2OV , HR, and RPE were 

recorded.  Stages were separated by a 15s recovery, after which subjects were asked 

to continue the incremental process until reaching a voluntary maximum.  On a 

different day subjects were asked to produce the appropriate wattage to match RPE 

scores of 15, 11, 17, 13, and 19 respectively, over a similar 3min stage. 

Marriott and Lamb found that subjects were able to reproduce similar heart rates in the 

estimation and production trials at RPE’s of 15, 17 and 19 demonstrating a correlation 

coefficient across the 2 trials of r=0.95, much higher than that previously seen during a 

similar cycling ergometry experiment (Skinner et al., 1973). The differences in power 

output between the estimation and production trials were not as close as those of heart 

rate, but this is perhaps a reflection of the irregular order in which the exercise 

intensities were requested in the production trial, rather than the rower’s ability to 

associate power outputs with RPE.  Despite this, there were no significant differences 

between estimation and production at RPE 17 and an r value of 0.87 still demonstrated 

a significant correlation between RPE and power output in the production trial.  A 

fundamental flaw in this study, which impacts on the interpretation of the power output 

data, comes from a difference in the data recording strategies employed in the trials.  In 

each trial a 3min stage was used in order to allow for a steady state heart rate to be 

achieved.  Heart rate was only recorded in the last 15s of each 3min stage.  Power 

output, however, was reported as mean power output across the 3min stage, meaning 

it would be less likely to have demonstrated a steady state during the data collection 

phase and thus is therefore likely to include much more variability in the recorded 

scores. 

 

In a later study on the reliability of ratings of perceived exertion in a treadmill based 

exercise test, Lamb and colleagues used limits of agreement to assess the reliability of 

RPE (Lamb et al., 1999).  This study demonstrated that strong limits of agreement 

(LoA) at lower levels of exertion had the potential to mask lower levels of agreement in 

the latter stages of a maximal exercise.  Using a 4 stage incremental exercise test 

Lamb et al., maintained treadmill spread but increased incline with every stage whilst 

recording RPE and heart rate.  This protocol demonstrated LoA’s of 0.88-2.02 RPE 

units in stage 1 (mean RPE 10.05), which increased to -0.13-2.94 RPE units in stage 4 
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(mean RPE 15.45) suggesting that lower intensities would demonstrate better 

agreement than at the higher end of their range of intensities.  Trends in LoA were 

mirrored by corresponding changes in intra-class correlation coefficients and Pearson 

product moment correlations such that r values of 0.81 were found in stage 1 which 

reduced to 0.60 in stage 4.  The most notable finding from this study was that, in 

contrast with the 1996 paper, this study found the reliability of RPE to have a converse 

relationship with exercise intensity, albeit over a much smaller range of intensities 

(RPE 10.05-15.45), and using a different exercise modality. 

 

In a study involving thirty Physical Education students Garcin et al., (2003) showed that 

RPE can demonstrate a test-retest coefficient of 0.94-1.0 during incremental exercise 

tests on a running track over exercise intensities from RPE 7.5-18.8.  The investigation 

consisted of an incremental exercise to determine maximal aerobic velocity (MAV) 

followed by either 1) an identical incremental exercise test, 2) a run to exhaustion at 

90% MAV, or 3) a run to exhaustion at 100% MAV.  Time-to-exhaustion was ≈10mins 

at 90% MAV and ≈6min at 100% MAV.  Similar test-retest scores were observed for 

RPE and heart rate in all three conditions concluding that HR and RPE scales are 

reliable during both constant load and progressive exercise tests until exhaustion. 

 

The concept of RPE has recently been challenged due to its, influence from both 

emotional and cognitive aspects of individuals’ focus (Micklewright and St Clair Gibson, 

2010), however in the absence of a suitable reliable alternative, RPE scales may be 

considered a reliable method of quantifying exertion, as previously shown in a number 

of exercise media, including rowing ergometry.  The particular use of this mode of 

exertion will now be discussed. 

 

 

2.7 Use of rowing ergometry 

 

2.7.1 Equivalent mode of exercise 

In the field of pacing and fatigue much of the previous sports science laboratory work 

has been conducted using treadmills or cycle ergometry.  These ergometers recreate 

movements familiar to most athletes and thereby allow participants to exercise in a 

relatively static environment whilst researchers move around them collecting measures 

and adjusting variables.  Although recreating a very different movement to that of 

cycling, rowing ergometers have been found to replicate relatively similar maximal 

exercise performance results (Wiener et al., 1995), and in the absence of equivalent 

data, rowing ergometer test scores are often compared with similar measures taken in 



 

 42 

running and riding studies (Cosgrove et al., 1999, Celik et al., 2005).  The rarity of data 

on rowing is surprising given its role as one of the most physically demanding 

endurance type sports (Hagerman, 1984, Marriott and Lamb, 1996).  

 

A notable disadvantage of using treadmills (and to a lesser extent, cycle ergometry) in 

pacing research, is that in order to change the pace of an exercise bout, a participant 

must first perceive a need to change that pace, then initiate a conscious effort in order 

to speed up or slow down, be that by signalling, or by pushing a button to speed up or 

slow down the ergometer or by changing cadence or gear on a cycle ergometer.  In 

any of these scenarios the participant has to respond to the pace as prescribed by the 

apparatus rather than them being able initiate changes in pace to which the ergometer 

then responds.  This relationship is less prescriptive when using a rowing ergometer, in 

which participants are able to initiate change in not only the pace of the work done, by 

increasing strokes per minute, but also through the quantity force utilised in each stroke 

as measured by the power output. The efficiency of movement in rowing when 

compared with cycling has been investigated by authors interested in oxygen uptake 

kinetics, who have described a small but significantly higher work rate and higher 

power per stroke in rowing when compared to matched cycling ergometer exercise 

(Ingham et al., 2007).  Furthermore the 2OV  kinetics of rowing exercise have been 

found to be similar to that of cycling exercise at the same moderate and heavy 

intensities in subjects who are not specifically trained for either mode of exercise 

(Roberts et al., 2005).  Perhaps the best endorsement for the use of this exercise 

modality in the investigation of pacing has been presented by Marriot and Lamb (1996) 

who noted that: 

“Power outputs cannot be fixed by the experimenter, as with a treadmill, but are 

subject controlled”  p 268. 

As such the rowing ergometer presents a mode of exercise that has parity with that of 

running and cycling studies but which also allows the participant to initiate, not 

respond, to changes in pace. 

 

The most common race distance in rowing is 2000m however this equates to only 

6.5min of exercise (Ingham et al., 2002, Kennedy and Bell, 2003) and in order to match 

the 20min or more of performance times seen in similar pacing cycling studies, a 

distance of 5000m may be considered more appropriate.  This distance is used in the 

‘Head of the River’ races which are often conducted at the start of the season. 
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2.7.2 Physiology of indoor rowing 

On-water rowing is clearly different from that of rowing an ergometer.  Weather, 

balance, and co-ordination with other participants are not aspects that ordinarily affect 

performance on an ergometer, and it is for these reasons that the ergometers are 

commonly used in the training and testing of rowers (Maestu et al., 2005, Kramer et al., 

1994). Whilst the comparison of ergometer scores with on-water  performances may be 

controversial (Macfarlane et al., 1997), studies such as those of Lamb (1989) have 

concluded that despite some differences in the arm motion, the leg and the trunk 

kinematic variables are similar across the on-water and off-water conditions.  Data from 

authors such as Craven et al., (1993) has also demonstrated that ergometer use can 

allow accurate measurements of the physiological changes produced by work done in 

each ergometer stroke. Thus the physiological responses of indoor and on-water 

rowing are often used interchangeably to describe the physiological profiles of rowers 

(Mahony et al., 1999). 

 

The rowing movement pattern has been estimated to use between 43% and 70% of 

muscle mass (Secher, 1993, Steinacker, 1993) and the activation of almost every 

major muscle group in the body (Panjkota and Music, 2005).  Steinacker (1993) 

estimated that, of the skeletal muscle engaged in rowing, approximately 70% is of a 

slow twitch structure, although this can vary across rowing abilities.  Given the 

endurance nature of the sport it’s unsurprising that 2maxOV  can be used as a strong 

predictor of sporting performance (Secher, 1993, Steinacker, 1993), however because 

the sport is non-weight-bearing the relative 2maxOV  is lower than that seen in other 

sports.  Prior to specified training, Kennedy and Bell (2003) reported that club rowers 

were capable of 2000m in 458.1 + 30.7s and exhibited baseline 2maxOV  scores of 46.1 

+ 7.1 ml∙kg∙-1min-1 (3.6 + 0.5 l∙min-1) and Max HR of 191.6 + 8.8 b.min-1.  In another 

study (Ingham et al., 2007) similar participants were capable of 2000m in 394s with 

peak 2OV scores of 55.6 + 1.2 ml∙kg∙-1min-1 (4.9 + 0.1 l∙min-1), HR peak 193 + 2 b∙min-1 

and 314.5 + 7.7 Watts at peak 2OV  further details of physiological responses to 2000m 

time-trials can be found in Table 2.2.  Whilst these maximal values may appear low in 

comparison to other sports, previous authors have identified that 2maxOV  can be 

reduced by between 10-29% in rowing exercise, dependent on protocol, when 

compared with equivalent treadmill 2maxOV  scores (Jensen and Katch, 1991, Bassett 

et al., 1984). 
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Table 2.2 Physiological measures and 2000m time-trial performance recorded during 

incremental exercise of club-level rowers. 

2peakOV (l∙min-1) 4.9 + 0.1 

W 2peakOV (W) 314.5 + 7.7 

HRpeak (b∙min-1) 193 + 2 

WLT (W) 224 + 6 

W4mM (W) 272 + 9 

LT% 2peakOV  78.1 + 1.9 

BLa peak (mM) 8.1 + 0.3 

2000m (m∙s-1) 5.07 + 0.12 

W 2peakOV ; wattage at 2peakOV , WLT; wattage at lactate threshold, W4mM; wattage at 4 mmol 

blood lactate, LT% 2peakOV ; percentage of 2peakOV  at with lactate threshold 

occurred.(Adapted from Ingham et al., 2007). 

 

For a more detailed description of the physiology of rowers, interested readers are 

directed toward the work of Shephard (1998), Secher (1983) and Steinacker (1993). 

 

The popularity of indoor rowing ergometers with both rowers and exercise enthusiasts 

has led to the development of indoor rowing as a sport in its own right (Kennedy and 

Bell, 2003) with races being described as early as 1980, and a World Indoor Rowing 

Championship held every year in Boston Massachusetts hosted by Concept 2 

ergometers, manufacturers of the most popular brand of rowing ergometer. 

 

2.7.3 Reliability of Concept 2 ergometers 

Patent was applied for the Model A Concept 2 ergometer in 1981 (Dreissigacker et al., 

1981, Bernstein et al., 2002) .  Since then the brand has gone on to be the most widely 

used wind resistance braked ergometer (Cosgrove et al., 1999), and the most popular 

ergometer found in UK rowing clubs (Nowicky et al., 2005).  A notable competitor to the 

Concept 2 brand is the Rowperfect ergometer which was used by Bernstein et al., 

(2002) in an attempt to compare the use of fixed head and floating head ergometers in 

order to investigate the potential of fixed head ergometers to contribute to the 

increased injury rates seen in rowers completing land based training (Budgett and 

Fuller, 1989).  The fixed head machine (a similar design to the Concept 2) was found to 

create a greater mean force per stroke and longer stroke than the floating head 

machine, however this alone was insufficient to conclude whether the different design 

was likely to influence the injury rate of its users.  The supposition that the Concept 2 

design may cause more injuries than the Rowperfect ergometer was also refuted by a 
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study from Nowicky (2005), which used sEMG data to compare the hip and trunk 

muscle activity on Rowperfect and Concept systems.  The investigators found no 

differences between the sEMG responses from the two systems.  Thus muscle 

activation when using the Concept 2 ergometer is no different from that of its major 

competitor, furthermore the Concept 2 ergometer is capable of producing a greater 

mean force per stroke. 

 

The Concept 2 brand is (to-date) currently selling its 4th generation of rowing 

ergometer, the Model D, whilst the previously mentioned studies have described 

comparisons across brands, the question of the reliability of model generations has 

been the subject of only one study (Vogler et al., 2007).  These authors found no 

significant difference in the responses of power output, oxygen consumption, rowing 

economy, heart rate, blood lactate concentration, stroke rate and rating of perceived 

exertion following the maximal and sub-maximal testing of national level rowers on two 

generations of ergometer.  The lactate threshold at LT1, (the intensity at which BLa 

began to increase above resting levels) was found to be significantly higher in the 

newer model, however the practical significance of a difference of 0.2 mmol.L-1 is 

doubted by the authors, and deemed to more of a representation of real world effects 

on the measurements than a potential difference in the two ergometer models. 

 

Performance on the Concept 2 ergometer has been described as inherently stable and 

repeatable, with a test-retest co-efficient of r=0.96 (0.87-0.99) when assessing trained 

rowers over 2000m (Schabort et al., 1999).  When comparing this reliability with data 

collected from other cycling and running, Schabort calculated coefficients of variation of 

approximating 1.8-2.0% (Hickey et al., 1992) to 3.0% (Jeukendrup et al., 1996) in 

cycling time-trials and 2.7% in their own running trials (Schabort et al., 1998).  The 

authors concluded that tests on the Concept 2 were more reliable than those in 60min 

cycling and running exercise trials, and at least as good as any cycle exercise trials of 

comparable length on a Kingcycle, or trials on a Cybex MET100.  The reliability of this 

data is supported by Soper and Hume (2004) who observed an intra-class correlation 

coefficient of 0.99 (0.95-1.0) in performance time following a test-retest evaluation of 15 

national rowers performance over 2000m.  When the trial length was shortened to 

500m, the reliability of the performance time reduced to 0.93 (0.8-0.0.98), although the 

reliability of the power output remained strong (0.99-1.0).  Whilst the reliability of 

performance time was clearly better the greater the trial time, the authors also cited the 

previously described data from Schabort (1999) which suggested that a 7min rowing 

bout may be more reliable than a 60min cycling bout due to its ecological validity and 

relevance to that of a normal competitive sporting event. 
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Table 2.3 Mean performance time and power output and reliability of measures during 

500m and 2000m rowing ergometer races. 

 

 
Performance Time 

(min:s) 

Power Output 

(W) 

500m Mean 1:34 + 0:01 418.1 + 7.4 

Change in mean -0.2% (-2.0-1.6) 0.8%  (-1.0-2.7) 

%SEM 1.0 (0.8-1.1) 2.8% (2.3-3.4) 

icc 0.93 (0.80-0.98) 0.99 (0.99-1.0) 

   

2000m Mean 6:58 + 0:05 312.4 + 0.5 

Change in mean 0.03% (-0.6-1.2) 0.02% (-1.9-1.5) 

%SEM 0.7 (0.4-1.5) 1.3 (0.8-2.9) 

icc 0.99 (0.95-1.0) 0.99 (0.98-1.0) 

Percent standard errors of the mean (%SEMs) intra-class correlation coefficients (icc) and 

ranges in parentheses.  (Adapted from Soper and Hume, 2004). 

 

In summary, the use of the Concept 2 ergometer in exercise bouts equivalent to normal 

race distances with sufficient familiarisation appears a valid and reliable methodology 

with which to study the effects of an appropriate variable on the physiological 

responses to exercise.  Such a protocol has a previously identified high reliability 

(Schabort et al., 1999) and has parity with tests of a similar intensity on cycle 

ergometers (Wiener et al., 1995).  Moreover, the mode of rowing may be a better 

medium than that of cycling or running with which to study pacing as power outputs 

cannot be fixed by the experimenter, but are participant controlled (Marriott and Lamb, 

1996). 

 

 

2.8 Design of studies involving pacing 

 

2.8.1 Time-to-exhaustion protocols 

It is commonplace, in experiments of exercise physiology, for the changes in a variable 

to be measured whilst a subject works toward an unknown endpoint of exhaustion.  

Sporting parallels to such physical challenges are rare, or at least undesired.  Yet in 

order to be sure an athlete has ‘maximised’ their performance, exercise to exhaustion, 

or more properly termed volitional fatigue, has become a popular model of 

investigation.  The use of time-to-exhaustion tests has been previously questioned by 
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authors due to the nature of their test re-test reliability (Jeukendrup et al., 1996, 

Jeukendrup and Currell, 2005).  Hinckson and Hopkins (2005a, 2005b) have asserted 

the opinion that the measurement of performance in time-to-exhaustion trials and 

subsequent conversion to percent change in performance in time-trials (using their 

suggested method of conversion) is better than the measurement of change in 

performance in time-trials alone because of the previously observed spurt in 

performance toward the end of a time-trial which suggests to them that the subject 

could have tried harder throughout the trial. 

 

In the field of pacing however, it is very difficult to argue that an exercise test which 

aims to report changes in pace on the way toward an unknown endpoint of volitional 

fatigue adds a great deal to the scientific understanding of exercise.  Indeed despite 

recommending an alternative measure Hinckson and Hopkins have acknowledged the 

benefits of time-trial experiments in the study of pacing (Hinckson and Hopkins, 

2005b). 

 

2.8.2 Time-trial protocols 

Producing a successful individual pacing strategy is an inherent part of real life 

performance and should therefore be an inherent part of any performance test 

(Atkinson and Nevill, 2005, Jeukendrup and Currell, 2005).  Time-trial experiments are 

now commonplace in the study of pacing (Mauger et al., 2009, Townshend et al., 2010, 

Mauger et al., 2010b, Hettinga et al., 2006a).  The work of Tucker et al., (2006a) 

identified non-random fluctuations in power output during a self-paced time-trial and 

proposed that these non-random fluctuations may be part of a signalling mechanism 

through which the body regulates effort.  As described earlier there is a suggestion that 

perceived exertion, which is said to reflect the sum of all sensations of physical exertion 

(Faulkner and Eston, 2007), may be part of a complex model that can up- and down- 

regulate effort in order to avoid fatigue (Tucker, 2009).  These factors cannot be 

observed in time-to-exhaustion experiments, nor are they observable in exercise bouts 

of an external fixed intensity or constant load.  Thus in studies involving pacing, and 

particularly the dynamic changes in physiological variables, the use of time-trial 

designs is much more valid than that of time-to-exhaustion. 

 

Given the current parity between developments in the understanding of pace and 

complex models of fatigue the time seems right for a re-evaluation of the concepts of 

pacing and fatigue which considers a complex interaction of metabolic markers 

throughout exercise tests relevant to current sporting practices. 
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Chapter Three 

 

General Methodologies 

 

The nature of the studies described in this thesis required the use of similar equipment, 

calibration, and protocols.  Each Chapter will incorporate a separate section on study 

methodologies, however in order to avoid repetition the following Chapter describes the 

procedures used in data collection which were similar in nature in each of the following 

studies. 

 

 

3.1 Ethic approval 

 

Ethical approval for all studies was received from the local ethics committee, the 

Central Regional Ethics Committee of New Zealand, from the employing institution 

Research Sub-committee, at UCOL Institute of Technology and from the Faculty 

Research Ethics Committee at Leeds Metropolitan University. 

Further details of ethical approval may be found in Appendix 1.0. 

 

 

3.2 Participant recruitment 

 

All participants were recruited from the UCOL Institute of Technology student 

population.  In all studies healthy, well-trained male participants were recruited, were 

informed of the procedures in advance, and agreed to take part in each study by 

providing specific informed consent prior to any data collection.  In each study 

participants were recreational gymnasium users accustomed to using rowing 

ergometers, but novice rowers.  Novice rowers were recruited in order to avoid the 

influence of experience or preconceptions on any study requirements. All participants 

were asked to maintain their habitual exercise routines during the course of the study 

but refrain from any additional organised physical activity.  All exercise trials (within 

each study) were held at the same time of the day to avoid diurnal variations in body 

temperature, and were each separated by approximately one week. All participants 

consumed a beverage of water 2 hours before the start of each test (5 ml∙kg-1∙body 

mass) to ensure comparable euhydration between participants and trials (Montain and 

Coyle, 1992). 

Examples of the information provided to participants may be found in Appendix 2.0. 
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3.3 Familiarisation for studies 

 

All participants were screened prior to participation in the studies; this involved an 

introduction to the equipment and investigators, followed by written and verbal 

explanation of the protocols.  Participants were then asked to complete a pre-test 

questionnaire which included the measurement of stature and body mass.  During a 

two-week familiarisation period participants took part in a familiarisation process which 

introduced participants to the use of ratings of perceived exertion and the replication of 

effort in accordance with RPE anchors.  On each visit participants completed a four 

stage incremental exercise protocol whilst stroke-to-stroke power output was 

instantaneously monitored.  The familiarisation process was facilitated by a qualified 

rowing coach who provided participants with technical advice on the use of the rowing 

ergometer and culminated in the participants’ ability to successfully replicate a four 

stage incremental exercise protocol. The initial stage required participants to work for 

4min at RPE 11 (Light), each subsequent stage increased in intensity and decreased in 

time (3min: RPE 13 (Moderate), 2min: RPE 15 (Hard), 1min: RPE 19 (Very Very 

Hard)).  Any participants who did not pass the pre-test questionnaire or that could not 

demonstrate consistent technique in using the rowing ergometer were excluded from 

the study for safety reasons. 

Examples of the information provided to participants and the pre-test questionnaires 

utilised may be found in Appendix 2.0. 

 

 

3.4 Equipment 

 

3.4.1 Oxygen uptake, heart rate and power output measurement 

Oxygen uptake ( 2OV ) was continuously recorded breath-by-breath via a commercially 

available portable metabolic test system ( 2OV ) (Cortex MetaMax 3B, Cortex 

Biophysik, Leipzig, Germany).  The system was calibrated before, and verified after 

each test with standard calibration gases (15% O2 5% CO2 balance N2). Volume 

expired was measured by a volume measuring turbine which was calibrated with a 3L 

syringe (Hans Rudolph, Kansas City, MO, USA). 

 

Whole blood capillary samples (BLa) were drawn from the finger tip prior to exercise 

and at the immediate cessation of exercise performances for the analysis of blood 

lactate concentration (Lactate Pro, Akray Inc, Kyoto, Japan).  Heart rates (HR) were 

continuously recorded (S610i, Polar, Kempele, Finland) throughout all exercise tests. 
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Stroke-to-stroke power output (PO) from the Concept 2 rowing ergometer (Model D: 

Concept 2, Tauranga, New Zealand) was assessed using the RowPro v2.006 software 

(Digital Rowing, Boston, MA, USA) in conjunction with the Concept 2 interface. 

 

After each trial, power output was exported to Microsoft Excel v11 (Microsoft, 

Redmond, WA, USA) for further analysis. 

 

In all conditions the air resistance of the ergometer flywheel was standardised by using 

the damper lever to apply a pre-determined drag factor (130 10-6 N·m·s2) (Smith, 2000, 

Dudhia, 2008). 

 

3.4.2 Measurement of thermoregulatory factors 

These methods were used in studies one and three only. 

Core temperature (Tc) was measured via telemetry from the intestine using a silicon-

coated thermometer pill (CorTemp2000, HQ, Palmetto, Florida, USA) which was 

swallowed by all participants 5-8 h before exercise to ensure that it would be beyond 

the stomach and insensible to swallowed hot or cold liquids (Sparling et al., 1993).  A 

four-stage temperature calibration of the pills against a certified mercury thermometer 

in a water bath at temperatures ranging from 34°C to 40°C was conducted prior to pill 

ingestion. In accordance with earlier work, a linear regression equation was then used 

to adjust pill measurements (Edwards and Clark, 2006). 

 

Skin temperatures (Tsk) were measured at four sites using stainless steel surface skin 

thermistors (Grant Logistics, Cambridge, UK). Temperatures were recorded 

continuously throughout trials using a data logger (SQ400 Squirrel Data logger, Grant 

Logistics, Cambridge UK). Mean body skin temperature was calculated using the 

formula previously described by Ramanathan (1964) and others (Marsh and Sleivert, 

1999, Mitchell and Wyndham, 1969).  The Ramanathan formula is derived from four 

sites identified as areas over active muscles, on relatively exposed surfaces, and in 

important portions of the body that can influence temperature changes in the skin 

(Bicep, Chest, Thigh, Calf) (Ramanathan, 1964).  Using this calculation the areas of 

measurement are divided in terms of whole limbs, appropriate surface area weightings 

are then applied to provide researchers with a valid measure of mean skin temperature 

for comparison with other thermal physiological variables. 

Measurements were taken of Tc and Tsk continuously throughout the trials in order to 

assess dynamic responses within each exercise bout.  
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3.4.3 Measurement of surface electromyography (sEMG) 

These methods were used in studies one and three only. 

Surface electrodes (Medi-Trace 230 Foam Electrode, Kendall Healthcare, Mansfield, 

MA, USA) were placed 20mm apart on the belly of the bicep brachii and vastus lateralis 

muscles and a reference electrode was placed on the lateral aspect of the styloid 

process of the radius (Basmajian and De Luca, 1985, De Luca, 2002).  Bicep brachii 

and vastus lateralis were chosen as representatives of upper and lower body muscle 

activation and have been previously used in rowing exercise by other investigators 

(Maestu et al., 2005, Panjkota and Music, 2005). 

 

The skin surface was cleaned and shaved prior to electrode application in order to 

avoid interference and to increase adhesion; all electrodes were additionally fastened 

with medical adhesive tape. As rowing involves bilateral activation of the muscles 

(Nowicky et al., 2005) recordings were only taken from one side of the body (right). 

Scores were not standardised against a standard isometric maximal voluntary 

contraction (MVC) as the dynamic nature of the movement pattern involved in rowing 

has been previously shown to elicit higher peak muscle sEMG in rowing than in the 

manoeuvre used to produce isolated maximal voluntary contractions (Burden et al., 

2003, Nowicky et al., 2005). In addition, the plane of movement in rowing is difficult to 

replicate in MVC conditions, and pilot study evaluations did not support the use of such 

a technique. 

 

sEMG was recorded during the final 100m of each 1000m period using the Power Lab 

data acquisition system (Power Lab AD Instruments, NSW, Australia). Raw scores 

were digitally filtered (Band pass filter; 20Hz to 480Hz), digitised (1kHz sampling rate) 

and stored (Chart 5 v5.5.5, AD Instruments, NSW, Australia).  Each stroke was visually 

identified and quantified using the root mean square (rms) method and the mean of 

three strokes at the end of each 1000m interval was then batched for the purposes of 

statistical comparisons across trials.  Processing the EMG signal using the root-mean-

squared method provides a measure of the power of an sEMG signal which 

demonstrates a clear physical meaning, something other methods such as average 

rectified value or integrated rectified signal cannot do.  As such the rms measure is 

preferred for most sEMG applications (De Luca, 2002) and has been previously used in 

rowing studies (Nowicky et al., 2005). 

 

Manufacturers specifications of the equipment used in this thesis may be found in 

Appendix 3.0. 
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3.5 Reliability of measures 

 

3.5.1 Use of RPE 

The 15 point Borg scale for rating perceived exertion (6-20) was used in warm up and 

main trials as a measure of exercise intensity in each of the following studies. 

Since its proposal, concern has been raised over the reliability of subjective ratings of 

perceived exertion.  In response to these Borg and Ohlsson demonstrated test-retest 

reliability of the RPE scale with runners completing an 800m track run on 3 occasions, 

heart rate correlation across the three trials varied from 0.64 to 0.89, the highest 

correlation was seen between trials 2 and 3, with the lowest between trials 1 and 3.  

This pattern was repeated in the reliability of RPE scores which varied from 0.69 to 

0.87, suggesting that RPE was as good, if not a better, measurement tool for repeated 

trials of exercise intensity (Borg and Ohlsson, 1975).  Later studies from other 

laboratories have confirmed the early work by Borg.  Indeed a study by Garcin et al., 

(2003) showed that RPE can demonstrate a test-retest correlation coefficient of 0.94-

1.0 during incremental exercise tests on a running track, indicating that, if anything, 

Borg’s early calculations of the reliability of RPE underestimated the strength of the 

reliability.  In support of this Marriot and Lamb (1996) have previously demonstrated 

the reliability of the use of RPE in rowing ergometry finding that the 15 point RPE scale 

can be used to prescribe exercise intensities with a test-retest correlation coefficient of 

0.95 at RPE’s of 15 and greater. 

As such the use of RPE in warm up and main trials has been previously demonstrated 

as reliable across different exercise mediums including that of rowing ergometry. 

 

3.5.2 Use of ergometer 

The Concept 2 ergometer is the most widely used wind-resistance braked ergometer 

(Cosgrove et al., 1999) and the most popular ergometer found in UK rowing clubs 

(Nowicky et al., 2005).  Performance on the Concept 2 ergometer has been described 

as inherently stable and repeatable, with a test-retest coefficient of 0.96 (95% 

confidence limits of 0.87-0.99) when assessing trained rowers over 2000m (Schabort et 

al., 1999).  Whilst the same model of ergometer was used in all studies it is worthy of 

note that the model-to-model testing of Concept 2 ergometers has previously 

demonstrated no significant differences in the responses of power output, oxygen 

consumption, heart rate, blood lactate concentration, and rating of perceived exertion 

following the maximal and sub-maximal testing of national level rowers on two 

generations of ergometer (Vogler et al., 2007). 
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3.6 Calibration of equipment 

 

3.6.1 Calibration of expired air measurements 

The Cortex Metamax 3B has been previously described a reliable instrument for 

exercise testing in sports and medical research (Meyer et al., 2001). Prior to each 

exercise trial the Cortex Metamax portable online gas analysis system was calibrated 

using Cortex Metasoft software version 3.9.7(Cortex Biophysik, Leipzig, Germany).  

Following activation, the Cortex Metamax required a period of approximately 5min to 

‘warm up’ and perform a series of self checks after which the system could be 

calibrated.  At the start of each calibration barometric pressure was measured using a 

calibrated handheld device (Greisinger 2300, Regenstauf, Germany) an offset value 

was then transferred to the Metamax.  The digital volume transducer was then 

calibrated using a 3L syringe (Hans Rudolph, Kansas City, MO, USA) which required a 

total of 5 inspirations and 5 expirations.  Gain factors for 1.0 + 0.1 were considered 

acceptable and once complete these values were transferred to the Metamax.  Gas 

fractions were calibrated first using ambient air and then repeated using a certified 

mixture of 15% O2 and 5% CO2 balance N2 (BOC Gases, Auckland New Zealand), 

these values were then also transferred to the Metamax.  Prior to recording data the 

Metamax required a further sample of ambient air and was then ready to commence 

data collection.  This calibration procedure was completed in approximately 30min, 

prior to every trial and verified after every trial. 

 

3.6.2 Calibration of power output measurements 

Prior to each warm up the drag factor on the rowing ergometer was measured.  Drag 

factor is a measure of the how quickly the flywheel decelerates based on the volume of 

air which passes through the flywheel housing and can be influenced by changes in air 

pressure, temperature, and humidity.  Consequently, the ergometer was calibrated to a 

drag factor of 130 10-6 N·m·s2 prior to any data recording.  A drag factor of 130 

10-6 N·m·s2 is recommended by Concept 2 (Fletcher, 2010) and Smith (2000) in order 

to best represent the feel of a boat on the water and to ensure consistency of the 

ergometer resistance.  Drag factor can be measured by selecting More Options from 

the main menu of the ergometer’s performance monitor then selecting Display Drag 

Factor.  It is then adjusted by moving the lever on the fan to create the appropriate 

amount of air flow and thus resistance. This calibration procedure ensured that 

participants were working against the same resistance regardless of changes in air 

pressure or humidity.  This calibration process took approximately 5min to complete 

and was conducted prior to every trial. 
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3.6.3 Calibration of core temperature measurements 

Calibration of core temperature thermometer pills is conducted by the manufacturers 

(HQ Inc, Palmetto, Florida, USA) prior to their distribution and each sensor pill is 

supplied with an identification number and a calibration code.  Previous authors have 

identified variance in these calibrations (Sparling et al., 1993, Kolka et al., 1993) and 

the use of  linear regression equations in order to calibrate individual pill scores with 

certified mercury thermometers is now considered essential (Challis and Kolb, 2010, 

Byrne and Lim, 2007). Therefore, prior to distribution to each participant, each sensor 

pill was calibrated against a certified mercury thermometer using 4 water baths at 

temperatures ranging from 34˚C to 40˚C.  A linear regression equation was then used 

to calculate a correction factor for each individual core temperature sensor.  Following 

calibration, sensor pills were distributed to the participants for ingestion 5-8 hours prior 

to the trial, in order to ensure the pill had passed the stomach where it might be 

sensitive to the temperature of any fluid consumption, and to avoid the potential of 

voiding the sensor prior to the trial (Edwards and Clark, 2006, Goodman et al., 2009, 

Lee et al., 2000).  The calibration procedure for this measure was approximately 10min 

per sensor pill and conducted on each pill prior to their distribution to participants. 

 

3.6.4 Calibration of blood lactate measurements 

The Lactate Pro portable analyser (Lactate Pro, Akray Inc, Kyoto, Japan) has been 

previously shown to be a reliable and valid measurement tool for use in the 

assessment of blood lactate in normal, hot, and humid environments (Mc Naughton et 

al., 2002, Pyne et al., 2000).  The calibration of the Lactate Pro involved the insertion of 

a (yellow) Check Strip which provided a reading of between 2.1-2.8 mmol.L-1 followed 

by the insertion of a 2nd (green) Calibration Strip which used a calibration curve 

appropriate to the test strips (Shimojo et al., 1993).  The Lactate Pro required 5 

microlitres of blood and can provide a blood lactate measure of between 0.8 and 23.3 

mmol.L-1.  All blood samples were taken from finger prick incisions of the right hand 

(Accu-Chek Softclix, Roche Diagnostics, Auckland, New Zealand).  The same Lactate 

Pro analyser was used throughout the study and was calibrated prior to every trial. 

 

Blood Lactate measurements were taken prior to warm up and immediately post 

exercise.  Blood lactate concentration has previously been shown to rise to a peak 

concentration 4-6 min post a maximal exercise test lasting a mean of 487+58s (Gass et 

al., 1981), however following longer duration exercise bouts, blood lactate sampling 

post-exercise has been suggested to reflect the type of activity immediately preceding 

sample, thus delays in sampling could lead to a reduction in reported values (Bangsbo 

et al., 1991).  Blood lacate sampling with the Lactate Pro analyser has been reliably 
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demonstrated with swimmers, cyclists and rowers (Pyne et al., 2000, Beneke et al., 

2001) and recommended in protocols by Sport and Exercise New Zealand (Sleivert, 

2003, Smith, 2000)  

 

 

3.7 Data analysis 

Where possible outcome measures were recorded at least every 30s in order to 

observe dynamic changes in variables.  When appropriate, data were transformed into 

30s measures in order to reduce data noise and create comparable measurement 

intervals; these measures were then time-aligned and batched in 30s means for 

statistical comparison. 

Graphical representations in Chapter 4 express data per unit of time, whilst Chapters 5, 

6 and 7 express data as a percentage trial in order to better represent physiological 

and performance responses of participants without the impact of differences in time to 

completion. 

 

Examples of the manual recording sheets utilised may be found in Appendix 4.0. 

 

 

3.8 Statistical analysis 

The statistical software packages SPSS (version 11.0-17.0, SPSS, Chicago, IL, USA) 

and GraphPad Prism (version 4, GraphPad Software Inc, La Jolla, CA, USA) were 

used for statistical analysis. Parametric results were statistically compared using tests 

as appropriate, most commonly one-way repeated measures analyses of variance 

(ANOVA) with post-hoc Tukey tests.  Other comparisons were made using Student’s t-

tests.  Non-parametric data were assessed using Friedman’s analysis of variance and 

Mann-Whitney U tests. Reliability measures were assessed using Pearson product 

moment correlations, Intra-class correlation coefficients, 95% Limits of agreement and 

Coefficients of variation as appropriate.  Probability values of less than 0.05 were 

considered significant. All results are expressed in means  SD. 
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Chapter Four 

 

Comparison of self-paced and enforced-pace exercise at a matched-intensity. 

 

4.0 Abstract 

 

The purpose of this study was to compare the physiological responses to a 5000m 

rowing exercise bout in which the participants were either 1) able to voluntarily fluctuate 

power output (self-paced; SP) whilst exercising at a fixed rate of perceived exertion, or 

2) were required to maintain a matched-intensity (externally-paced EXT) constant 

power output.  Nine male participants (age; 29 + 6 years, 2peakOV ; 52 + 3 ml∙kg-1∙min-1) 

performed four exercise trials ( 2peakOV , 5000m rowing at RPE 15 (SubRPE), at an 

enforced matched-intensity constant power output (SubEXT), and to disguise the 

importance of the sub-maximal trials, 5000m as a maximal time-trial (MaxTT).  In the 

SubEXT trial participants were deceived to believe that the enforced intensity was 

based on ventilatory threshold in order to avoid participants matching pace to their 

previous SubRPE trial.  Environmental temperature was standardised across all trials 

(18˚C, 35-45% humidity).  Performance time, mean 2OV  and power output were not 

significantly different in the sub-maximal trials (PT: SubRPE; 1300 + 78s, vs. SubEXT; 

1298 + 67s. 2OV ; 37 + 5ml∙kg-1∙min-1, vs. 36 + 6ml∙kg-1∙min-1. PO: 162 + 7W vs. 161 + 

27W; p>0.05). However; mean core temperature, post-test blood lactate, and muscular 

activity in vastus lateralis and bicep brachii were all significantly higher in SubEXT 

when compared to SubRPE (p<0.05-0.01).  The variability in power output during 

SubRPE was significantly higher than SubEXT suggesting that the ability to fluctuate 

power during the self-paced exercise brought about a reduction in the physiological 

demand of an otherwise similar exertion.  Dynamic analysis of self-paced exercise has 

previously identified non-random fluctuations in power output (Tucker et al., 2006a).  It 

is likely that these fluctuations represent an important physiological mechanism used 

during exercise to defend homeostasis in accordance with transient sensations of 

fatigue. 
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4.1 Introduction 

 

The ability to accurately self-pace an exercise bout is an important feature of race and 

time-trial performances (Abbiss and Laursen, 2008, Foster et al., 1994, St Clair Gibson 

and Noakes, 2004). Self-paced exercise bouts are known to demonstrate considerable 

intra-trial fluctuations of power output (Tucker et al., 2006a), and it is unlikely that this is 

simply due to random misjudgements of pace. It is probable that these fluctuations of 

power output are important behavioural responses during exercise at times when 

homeostasis is challenged (St Clair Gibson et al., 2006). However, the importance of 

this observation requires researchers to consider the brain as a (central) feature of 

pacing and the development of fatigue.  

 

Until recently (St Clair Gibson et al., 2001b, St Clair Gibson et al., 2001a, Noakes et al., 

2005), it had commonly been viewed that exercise of maximal intensity progressively 

induced a decrease in force production towards a terminal endpoint of fatigue at which 

the immediate cessation of exercise was a necessary consequence (e.g. Hulleman et 

al., 2007). This theory has often been used to attribute fatigue to impaired peripheral 

muscle contractile function, through either excessive accumulation of metabolic 

acidosis or the depletion of intramuscular fuels (Kirkendall, 1990). However, such 

peripheral fatigue cannot easily explain all observations during endurance exercise 

(Lambert et al., 2005), in particular those where performance improves in the end 

stages of a self-paced exercise bout (Catalano, 1973, Catalano, 1974b, Catalano, 

1974a).  

 

Contemporary research studies have suggested that, in contrast, discreet alterations in 

pace are mediated through central neural control, by which muscle recruitment is 

manipulated as part of a regulatory process to maintain a reserve of motor units and 

thus avoid catastrophic fatigue (St Clair Gibson et al., 2001b, St Clair Gibson et al., 

2001a, Noakes et al., 2005). According to this model of central complex metabolic 

control, the regulation of exercise intensity (power output) is a behavioural response to 

both feedback information from peripheral receptors and feedforward (anticipatory) 

mechanisms which regulate exercise intensity to avoid the development of bodily harm 

(Lambert et al., 2005, St Clair Gibson and Noakes, 2004). Consequently, fluctuations in 

power output during exercise may be an important feature of a regulatory process, 

based on information from various peripheral systems (e.g. muscle, respiratory, 

metabolic receptors) within a complex metabolic control system. 
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Previous work has shown biological variation to be an important feature in sub-maximal 

exercise (McLellan et al., 1995). However relatively few studies have thoroughly 

examined both the dynamic physiological and thermoregulatory responses to exercise 

in relation to the concept of pacing (Abbiss and Laursen, 2008, Foster et al., 1994, 

Tucker et al., 2006a). With the development of fast-response technologies it is now 

feasible to examine the concept of pacing in more dynamic experimental conditions 

than was previously practical. For example, it is possible that thermoregulatory factors 

such as core and skin temperatures are dynamically related to the perception of effort 

during exercise through which alterations in pacing are linked to temperature regulation 

and/or muscle recruitment patterns.  Nevertheless, there currently remains a lack of 

empirical data in which dynamic responses have been evaluated.  

 

This investigation proposes that the inter-relationship between conscious perceptions 

of effort (RPE) and subconscious metabolic control (mediating muscle recruitment) will 

result in physiologically meaningful non-random fluctuations of power output (Tucker et 

al., 2006a) in self-paced exercise, while enforced-pace matched-intensity exercise will 

result in adverse physiological responses. 

 

In the field of pacing and fatigue much of the previous sport science laboratory work 

has been conducted using treadmills or cycle ergometry.  Although producing a very 

different movement to that of cycling, rowing ergometers have been found to replicate 

relatively similar maximal exercise performance results (Wiener et al., 1995), and often 

in the absence of equivalent data, rowing test scores are often compared with similar 

measures taken in running and riding studies (Cosgrove et al., 1999, Celik et al., 2005).  

Because the power output developed by each rowing stroke during a bout can be 

easily influenced by dynamic sensations of fatigue, it is therefore highly sensitive to 

fluctuations in power and pacing during an exercise bout. 

 

 

4.2 Purpose of the study 

 

The purpose of this study was to compare physiological responses to a 5000m rowing 

exercise bout at a matched-intensity in which the participants were either able to 

voluntarily fluctuate power output (self-paced) while performing exercise at a fixed 

rating of perceived exertion (RPE), or were required to maintain a matched-intensity 

(enforced) constant power output. 
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4.3 Aims of the study 

 

To compare physiological responses in self-paced exercise and enforced-pace 

matched-intensity exercise over 5000m of rowing exercise. 

 

To investigate the inter-relationship between conscious ratings of effort (RPE) and 

power output in self-paced and enforced-pace matched-intensity exercise over 5000m 

of rowing exercise. 

 

To investigate the physiologically meaningful non-random fluctuations of power output 

in self-paced exercise and enforced-pace matched-intensity exercise. 

 

 

4.4 Methodology 

 

4.4.1 Participants 

Nine healthy, well-trained male participants agreed to take part in this study (Table 

4.1). All were informed of the procedures in advance and informed consent was 

provided prior to any data collection. The study was approved by the Central Regional 

Ethics Committee of New Zealand and the Faculty Research Ethics Committee at 

Leeds Metropolitan University. All participants were recreational gymnasium users and 

each received technical advice from a qualified rowing coach on using the rowing 

ergometer during a two-week familiarisation period.  

 

Table 4.1 Anthropometric and cardiovascular characteristics of study participants. 

 

 Participant Characteristics 

 

Height 

(m) 

Weight 

(kg) 

Age 

(years) 

2peakOV  

(ml∙kg-1∙min-1) 

HR at 2peakOV  

(b·min-1) 

Mean ± SD 1.77 ± 0.06 77.10 ± 8.11 29 ± 6 52 ± 3 185 ± 8 
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4.4.2 Participant Screening and Familiarisation 

Participant screening and Familiarisation followed the pattern described in Chapter 3 

General Methods. 

 

In brief:  All participants were screened prior to participating in the study, this involved 

an introduction to the equipment followed by written and verbal explanation of the 

protocols.  Participants were asked to complete a pre-test questionnaire and asked to 

participate in a familiarisation process consisting of a four stage incremental protocol.  

In each familiarisation session participants received technical advice from a qualified 

rowing coach on the use of the rowing ergometer.  Any participants that did not pass 

the pre-test questionnaire or that could not demonstrate consistent technique in using 

the rowing ergometer were excluded from the study.  

 

4.4.3 Preliminary testing 

At the beginning of the study all participants performed a standardised familiarisation 

trial which consisted of a four stage incremental protocol which was subsequently used 

as a standardised priming exercise in each of the trials and is described in detail in 

Chapter 3 General Methods. 

 

In all conditions the air resistance of the ergometer flywheel was standardised by using 

the damper lever to apply a pre-determined drag factor (130 10-6 N·m·s2) (Smith, 2000, 

Dudhia, 2008). 

 

On a separate and subsequent occasion all participants performed an incremental 

exercise test to volitional exhaustion on a Concept 2 rowing ergometer (Model D: 

Concept 2, Tauranga, NZ) for the determination of peak aerobic power ( 2peakOV ). 

Oxygen uptake (Cortex MetaMax 3B, Cortex Biophysik, Leipzig, Germany) and power 

output (RowPro v2.006 software. Digital Rowing, Boston, MA, USA) were continuously 

monitored stroke-to-stroke. Power output was visible via the Concept 2 display unit at 

all times.  Initial exercise intensity was set at 150 Watts for 3min then increased by 25 

Watts each subsequent minute until volition exhaustion, or an inability to maintain the 

required power output was reached.  This protocol has previously described by Smith 

(2000) and is used in assessments by Rowing New Zealand. 
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4.4.4 Experimental procedures 

Each participant completed three 5000m rowing trials in three different experimental 

conditions in an individualised order. Condition one (SubRPE) required the participants 

to complete 5000m at an enforced constant rating of perceived exertion (RPE: 15 – 

Hard). Condition two (SubEXT) required the participants to perform 5000m at an 

enforced constant power output equivalent to the mean power output attained in the 

SubRPE condition. No visual feedback was provided in the SubRPE condition to 

ensure participants self-paced, whilst only stroke-to-stroke power output was visible 

during the SubEXT condition and participants received continual verbal reinforcement 

to ensure the required power output was attained. A further experimental condition 

(MaxTT) was included to disguise the importance of the two sub-maximal conditions 

and to compare intensity of efforts, whilst also facilitating an element of randomisation 

in the test sequence. In the MaxTT condition, participants were instructed to perform 

5000m as fast as possible whilst stroke-to-stroke power output was visible at all times. 

A diagrammatic representation of the protocol may be found in Figure 4.1. 

 

In the SubEXT condition, participants were deceived to believe that the required 

exercise intensity was based on an enforced power output equivalent to that of 

ventilatory threshold attained in the baseline 2maxOV  test. This deception was 

conducted in an attempt to avoid participants realising that the two sub-maximal efforts 

in the three test series were matched for mean intensity and thus pacing the SubEXT 

trial on their previous SubRPE efforts.  

 

The exercise trials were held at the same time of the day on each of the three 

occasions to avoid diurnal variations in body temperature, and were each separated by 

approximately one week. The participants were instructed to refrain from additional 

organised physical activity during the testing period and to maintain habitual exercise 

routines. The laboratory temperature was standardised at 18˚C across all tests while 

relative humidity remained consistent (35-45%).  All participants consumed a beverage 

of water 2 hours before the start of the test (5 ml∙kg-1 body mass) to ensure comparable 

euhydration between participants and trials (Montain and Coyle, 1992). 
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Condition 1; SubRPE, 5000m at RPE 15, self-paced, stroke-to-stroke PO unknown.  Condition 

2; SubEXT, 5000m at RPE 15 work matched to C1, enforced-pace, stroke-to-stroke PO known.  

Condition 3; MaxTT, 5000m at Maximal effort, stroke-to-stroke PO known. 

 

Figure 4.1 Diagrammatic representation of the warm-up and protocol in three 

experimental conditions. 

 

4.4.5 Oxygen uptake, heart rate and power output measurement 

Oxygen uptake, heart rate and power output measurements followed the pattern 

described in Chapter 3 General Methods. 

 

In brief: Oxygen uptake was continuously recorded breath-by-breath ( 2OV ) (Cortex 

MetaMax 3B, Cortex Biophysik, Leipzig, Germany).  Whole blood capillary samples 

(BLa) were drawn from the finger tip prior to exercise and at the immediate cessation of 

time-trial performances for the analysis of blood lactate concentration (Lactate Pro, 

Akray Inc, Kyoto, Japan). Heart rates (HR) were continuously recorded (S610i, Polar, 

Kempele, Finland).  Stroke-to-stroke power output (PO) was assessed using the 

RowPro v2.006 software (Digital Rowing, Boston, MA, USA) in conjunction with the 

Concept 2 interface. 

 

4.4.6 Measurement of thermoregulatory factors 

Thermoregulatory measurements followed the pattern described in Chapter 3 General 

Methods. 

 

In brief: Core temperature (Tc) was measured via telemetry from the intestine using a 

silicon-coated thermometer pill (CorTemp2000, HQ, Palmetto, Florida, USA) which was 

swallowed by all participants 5-8 hours before exercise.  Skin temperatures (Tsk) were 

measured at four sites using stainless steel surface skin thermistors (Grant Logistics, 

Cambridge, UK). Temperatures were recorded continuously throughout the trial using a 

data logger (SQ400 Squirrel Data logger, Grant Logistics, Cambridge UK). Mean body 

skin temperature was calculated using the formula previously described by 
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Ramanathan (1964) and others (Marsh and Sleivert, 1999, Mitchell and Wyndham, 

1969). 

 

4.4.7 Measurement of surface EMG 

Surface EMG (sEMG) measurements followed the pattern described in Chapter 3 

General Methods. 

 

In brief: Surface electrodes (Medi-Trace 230 Foam Electrode, Kendall Healthcare, 

Mansfield, MA, USA) were placed 20mm apart on the belly of the bicep brachii and 

vastus lateralis muscles and a reference electrode was placed on the lateral aspect of 

the styloid process of the radius (Basmajian and De Luca, 1985, De Luca, 2002).  

Measurements were taken from the right side of the body only and maxim voluntary 

contraction measures were not taken as previous research (Nowicky et al., 2005) and 

pilot study evaluations did not support its use.  sEMG from vastus lateralis (VL) and 

bicep brachii (BB) was recorded during the final 100m of each 1000m period using the 

Power Lab data acquisition system (Power Lab AD Instruments, NSW, Australia). Raw 

scores were digitally filtered (Band pass filter; 20Hz to 480Hz), digitised (1kHz 

sampling rate) and stored (Chart 5 v5.5.5, AD Instruments, NSW, Australia).  Each 

stroke was visually identified and quantified using the root mean square (rms) method 

and the mean of three strokes at the end of each 1000m interval across the three trials 

was then batched for the purposes of statistical comparisons.  

 

 

 

Figure 4.2 Physical representation of the experimental environment. 
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4.4.8 Calibration procedures 

Calibration procedures followed the pattern described in Chapter 3 General Methods 

an additional brief description of these processes is provided. 

 

4.4.9 Expired Air Measurements 

Prior to each exercise trial the Cortex Metamax on-line gas analysis system was 

calibrated using Cortex Metasoft software version 3.9.7(Cortex Biophysik, Leipzig, 

Germany).  Gas fractions were calibrated using room air and then repeated using a 

certified mixture of 15% O2 and 5% CO2 stored with a N2 balance (BOC Gases, 

Auckland New Zealand).  The digital volume transducer was then calibrated a 3L 

syringe (Hans Rudolph, Kansas City, MO, USA) and these values were then 

transferred to the Metamax. 

 

4.4.10 Power output Measurements 

Prior to each warm up the drag factor on the rowing ergometer (Concept 2, Tauranga, 

New Zealand) was measured and calibrated to a drag factor of 130 10-6 N·m·s2. 

(Dudhia, 2008, Smith, 2000). 

 

4.4.11 Core Temperature Measurements 

In addition to the calibration of thermometer pills conducted by the manufacturers (HQ 

Inc, Palmetto, Florida, USA), prior to their distribution to each participant each sensor 

pill was also calibrated against a certified mercury thermometer using 4 water baths at 

temperatures ranging from 34˚C to 40˚C.  Participants were instructed to ingest the pills 

no more than 8 and no less than 5 hours prior to the trial to avoid the risk of excretion 

or the influence of swallowed fluids on pill temperature. 

 

4.4.12 Blood Lactate Measurements 

The calibration of the Lactate Pro portable analyser (Lactate Pro, Akray Inc, Kyoto, 

Japan) involved the insertion of a (yellow) Check Strip followed by the insertion of a 2nd 

(green) Calibration Strip which used a calibration curve appropriate to the test strips 

(Shimojo et al., 1993).  All blood samples were taken from finger prick incisions of the 

right hand (Accu-Chek Softclix, Roche Diagnostics, Auckland, New Zealand).  The 

same Lactate Pro analyser was used throughout the study and was calibrated prior to 

every trial. 
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4.4.13 Data analysis 

Dynamic variations attributable to pacing were assessed by the measurement of 

oxygen uptake, heart rate and power output which were recorded individually and 

transformed into 30s measures in order to reduce data noise and create comparable 

measurement intervals; these measures were then time-aligned and batched in 30s 

means for statistical comparison.  

 

A simple and effective means of determining time domain variability is to calculate the 

standard deviation (SD) of each data point (i.e. each 30s time-aligned interval) as a 

series. Since variance is mathematically equal to the total power of spectral analysis, 

the SD of the data series reflects all the cyclic components responsible for variability in 

the period of recording, in this case the time-trial. This method of analysis is frequently 

used in the study of heart rate variability (Achten and Jeukendrup, 2003, Aubert et al., 

2003). The standard deviation of the standard deviation of each data series was 

therefore used to provide an overall comparative measure of dynamic time-trial 

variability (ttv) between test conditions using the following outcome measurements: 

Oxygen uptake ( 2ttvOV ), Heart rate (HRttv) and Power output (POttv). 

 

4.4.14 Statistical analysis 

The statistical software package SPSS (version 11.0, SPSS, Chicago, IL, USA) was 

used for all statistical analysis. Parametric results were statistically compared using 

one-way repeated measures analyses of variance (ANOVA) and post-hoc Tukey tests 

of Honest Significant Differences as appropriate. Other comparisons were made using 

paired Student’s t-tests.  Probability values of less than 0.05 were considered 

significant. All results are expressed in means  SD. 

 

 

4.5 Results 

 

The fastest mean 5000m performance time was observed in the MaxTT condition and 

this was shorter in duration than both SubRPE (p<0.01) and SubEXT (p<0.01) (Table 

4.2). There was no difference in the performance times of the two sub-maximal 

matched-intensity trials (SubRPE and SubEXT). Mean performance characteristics of 

2OV  , HR, and power output were not different between both sub-maximal conditions 

but these were all significantly elevated in MaxTT (Tables 2 & 3).  
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Table 4.2 Mean responses of performance time and power output in three 

experimental conditions. 

 

 Performance outcome measurements 

 Performance Time Power Output 

 (s) (W) (ttv) 

SubRPE 1300.11 ± 77.53 ‡ 162 ± 27 ‡ 18 ± 4  †  ‡ 

SubEXT 1298.67 ± 71.59 ‡ 161 ± 27 ‡ 12 ± 4  *  ‡ 

MaxTT 1219.33 ± 53.92 *  † 194 ± 27 30 ± 14 *  † 

Significantly different from;  SubRPE  p< 0.01  * ; SubEXT  p< 0.01  † ; MaxTT  p< 0.01  ‡. 

 

 

Table 4.3 Mean responses of oxygen uptake and heart rate in three experimental 

conditions. 

 

 Physiological (oxygen uptake and heart rate) responses 

 Oxygen Uptake Heart Rate 

 (ml·kg-1·min-1) (ttv) (b·min-1) (ttv) 

SubRPE 37 ± 5 ‡ 5 ± 1 ‡ 156 ± 15 ‡ 11 ± 1 

SubEXT 36 ± 6 ‡ 4 ± 1 153 ± 17 ‡ 13 ± 2 

MaxTT 43 ± 4 5 ± 1 * 172 ± 12 12 ± 2 

Significantly different from;   SubRPE  p< 0.01  * ; SubEXT  p< 0.01  † ; MaxTT  p< 0.01  ‡. 

 

There were no differences in mean or time-trial variability responses of oxygen uptake 

or heart rate between the sub-maximal conditions (Table 4.3).  However, the dynamics 

of power output (POttv) across the time-trials showed significantly greater variability in 

SubRPE compared with SubEXT (p<0.01) (Table 4.2).  The variability of power output 

was further elevated in MaxTT condition compared with both the sub-maximal trials 

(p<0.01) (Table 4.2). 
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No significant differences observed. 

 

Figure 4.3 Mean and dynamic responses of skin temperature in three experimental 

conditions expressed as a function of time. 

 

Mean skin temperature was similar across all three (sub-maximal and maximal) 

conditions (Figure 4.3).  Whilst mean core temperature was significantly lower in 

SubRPE than in both SubEXT (p<0.05) and MaxTT (p<0.01).  Dynamic Tc responses 

seen in Figure 4.3 demonstrate similar patterns of increase in SubRPE and SubEXT 

with a greater rate of increase in Tc in the MaxTT condition.  Core temperature in the 3 

conditions were similar at the start of exercise (p>0.05).  There was no difference in 

mean Tc between either SubEXT or MaxTT (Figure 4.4).  
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Significantly different from; SubRPE  p< 0.01 * ; SubEXT  p< 0.01 † ; MaxTT  p< 0.01 ‡.. 

No significant differences observed between conditions at the start of the trial. 

 

Figure 4.4 Mean and dynamic responses of core temperature in three experimental 

conditions expressed as a function of time. 

 

Blood Lactate concentrations taken immediately post-exercise were significantly 

elevated in SubEXT (6.2 ± 2.5 mmol·L-1) compared with SubRPE (5.2 ± 2.2 mmol·L-1) 

(p<0.05). Both sub-maximal blood lactate responses were significantly lower when 

compared to the maximal trial (10.9 ± 2.4 mmol·L-1) (p<0.01).   
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Significantly different from; SubRPE  p< 0.05 * ; SubEXT  p< 0.05 † ; MaxTT p< 0.05  ‡ 

 ; SubRPE  p< 0.01 * ; SubEXT  p< 0.01  † ; MaxTT p< 0.01  ‡ 

 

Figure 4.5 Mean responses of sEMG muscle activity at vastus lateralis (VL) and bicep 

brachii (BB) in three experimental conditions. 

 

Muscle activity recorded at the bicep brachii and vastus lateralis muscles was sampled 

at the end of each 1000m.  Mean sEMG activity measured at both sites was greater at 

each 1000m interval in SubEXT when compared with SubRPE (p<0.05). The mean 

sEMG activity of MaxTT was significantly higher than both the sub-maximal conditions 

at each 1000m measurement (Figure 4.5). 
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Figure 4.6 Group mean and individual dynamic responses of power output in the 

MaxTT experimental condition expressed as a function of time. 

 

Scalar evaluation of 30s power output data identified that all participants demonstrated 

a spurt of power (identified as a visible upward alteration in the trajectory of power 

output) at a similar stage of their maximal trial (MaxTT) (89 ± 5% trial.  Range: 81 – 

95% of trial duration).  Figure 4.6 shows the mean and individual power output profiles.  

One individual can be seen to exert a much greater power than the rest of the group at 

the start of the maximal exercise trial.  This performance was considered for exclusion, 

however following assessment it was found that the performance did not significantly 

alter the group response (p<0.05) and the results were therefore retained in the 

analysis. 
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4.6 Discussion 

 

The main finding from this study was that the enforced-pace condition (SubEXT) posed 

significantly greater physiological and thermoregulatory challenges to homeostasis 

than the matched-intensity sub-maximal self-paced trial despite there being no 

difference in performance. Specifically, the SubEXT condition resulted in elevated 

mean core temperatures (p<0.01), greater post-test blood lactate concentrations 

(p<0.05), and elevated sEMG activity at both bicep brachii (p<0.05) and vastus lateralis 

(p<0.01). The most likely explanation for this appears to be that self-paced exercise 

facilitates the opportunity for individuals to continually modify effort via feedback and 

feedforward mechanisms in response to frequent homeostatic challenges. Thus the 

greater time-trial variability of power output (POttv) observed in the SubRPE condition 

compared to SubEXT (p<0.01) may indicate the presence of a central regulatory 

mechanism.  

 

The greater variation of POttv in the SubRPE condition compared with SubEXT was not 

accompanied by greater condition-specific variability in either 2OV  or HR.  However, 

the similarity of HR and 2OV  between SubRPE and SubEXT is logical as power output 

is the variable manipulated as a behavioural response (to transient sensations of 

fatigue) and alterations in both 2OV  and HR are therefore consequent to that 

behaviour i.e. they are both responses to that change in power output. This delay in 

physiological response can also be explained via common system response times. For 

example, it is well known that the tau of oxygen uptake in response to dynamic 

changes in work is approximately 20-25s among well trained participants (Edwards and 

Cooke, 2004), while the tau of heart rate is appreciably slower (Hughson, 1990). 

Consequently, in self-paced exercise, dynamic variations in power output are probably 

too small and frequent for either 2OV  or heart rate to discreetly follow each alteration. 

As noted by other authors, (St Clair Gibson et al., 2001b) the importance of such 

dynamic responses have often been overlooked, probably due to the relatively recent 

emergence of fast-response technology. Nevertheless, such minor alterations in power 

output probably implies the existence of a process by which voluntary behaviour (up- or 

down-regulation of effort) maintains a constant metabolic challenge at a sustainable 

level throughout an exercise bout (St Clair Gibson and Noakes, 2004). Behavioural 

change (pacing) therefore acts to defend homeostasis (e.g. by defending core 

temperature and blood pH) and this process is compromised where self-pacing is not 

facilitated.  
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The greater variability of power output observed in the maximal trial (p<0.01) compared 

to the sub-maximal trials was a likely consequence of the greater freedom to alter pace 

in that condition in comparison to the restricted conditions (fixed RPE or fixed power 

output) of the sub-maximal trials. It is therefore predictable that the maximal trial would 

demonstrate greater variability than the two sub-maximal conditions. The maximal trial 

was included in this study for several comparative purposes but most usefully to 

identify whether participants were able to distinguish between working at different 

levels of physical effort in response to a 5000m rowing exercise test. Participants in this 

experiment were able to accomplish this task. 

 

Previous studies (Catalano, 1973, Catalano, 1974a, Catalano, 1974b) have identified 

that an end-spurt in performance tends to occur at 90% of task completion and the 

maximal condition in this study was consistent with those observations. This appears to 

confirm that the increased final effort in maximal trials is representative of scalar rather 

than absolute pacing (St Clair Gibson et al., 2006) and provides little support for the 

concept that maximal intensity exercise progressively induces decreases in force 

production toward a terminal endpoint of fatigue.  

 

No differences were seen in Tsk across sub-maximal and maximal trials. The most likely 

explanation for this observation is that skin temperature and the consequent sweat 

production probably reach an optimal level during laboratory exercise, and in the 

absence of further opportunities for convective cooling attains a steady (optimal) state 

for these conditions. Our results support this observation across sub-maximal and 

maximal exercise where body water loss was relatively minor. 

It was anticipated that the MaxTT condition would result in significantly faster 

performances compared to the sub-maximal trials, but the similarity of physiological 

responses between SubEXT and MaxTT provides further evidence of the greater 

metabolic challenge of externally-paced sub-maximal work in comparison to self-paced 

exercise.  Indeed where the ability to self-pace is denied, the metabolic challenge 

progresses toward a similar level to that of maximal exercise. 
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4.7 Summary 

 

This study demonstrates that self-pacing exercise poses a reduced metabolic 

challenge when compared to matched-intensity enforced-pace sub-maximal exercise. It 

is likely that this is attributable to the ability to voluntarily fluctuate power output in 

accordance with subconscious regulatory mechanisms during the exercise bout. The 

voluntary behavioural change to fluctuate pace is therefore a conscious decision based 

on subconscious physiological feedback from an array of peripheral receptors. 

Externally-paced sub-maximal exercise thereby forces an individual to abandon their 

own pacing plan and minimise opportunities for self-managing the conscious signs of 

fatigue. This suggests that pacing is an important physiological mechanism to minimise 

the adverse conscious sensations of fatigue experienced during exercise which 

enables homeostasis to be defended during exercise.  

 

To the author’s knowledge, this study is the first to thoroughly examine both the 

cardiorespiratory and thermoregulatory responses to rowing performance in relation to 

matched-intensity self- and externally-paced conditions. Further work is now required 

to establish whether this effect is consistent across more dynamic exercise challenges.  
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Chapter Five 

 

The test-retest reliability of power output in response to self-paced exercise: 

within-group and between-group observations. 

 

5.0 Abstract 

 

The purpose of this study was to investigate the test-retest reliability of a self-paced 

time-trial in which the power output responses from a sub-maximal 5000m exercise test 

were compared both within-groups, and between-groups of aerobically-matched 

participants.  Sixteen male participants were randomly assigned into aerobically-

matched groups (Group A: age; 30 + 7 years, 2peakOV ; 52 + 3 ml∙kg-1∙min-1 vs. Group 

B: age; 30 + 7 years, 2peakOV ; 57 + 13 ml∙kg-1∙min-1).  Each group performed a 

preliminary assessment of 2peakOV , and a 5000m sub-maximal rowing time-trial 

clamped at RPE 15.  Environmental temperature was standardised across all trials 

(18˚C, 35-45% humidity).  An RPE chart was visible throughout each trial and 

participants were regularly reminded of the required intensity.  Average power output 

for the 5000m matched intensity trials were not significantly different within-groups 

(Group A: CV; 4.28%, ttv; 13 + 3W vs. Group B: CV; 4.46%, ttv; 11 + 6W).  

Furthermore no significant difference in power output was found between-groups 

(p=0.21, icc=0.912).  The primary finding of this study was the excellent reproducibility 

of power output at RPE 15 both within- and between-groups of aerobically matched 

participants, suggesting that independent participant groups were able to match effort 

over the 5000m time-trial based upon a fixed perception of exertion.  Previous studies 

have identified the reproducibility of RPE in prediction and replication experiments 

(Marriott and Lamb, 1996), and the reliability of RPE in repeated measures time-trials 

(Schabort et al., 1998).  However the replication of results in any repeated measures 

protocol has the potential to be influenced by a learning effect (Thomas et al., 2005). 

By using independent samples and a range of statistical measures, the findings of the 

current study provide evidence of the reliability of a protocol based on a fixed RPE 

score across independent sampled groups, and suggest that such a study design could 

be used to observe changes in the pattern of pacing the reliability of a self-paced time-

trial using a perceptually regulated scale. 
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5.1 Introduction 

 

Self-paced exercise bouts are commonly examined using scales of perceived exertion  

(Edwards et al., 2011, Swart et al., 2009, Tucker et al., 2006c).  These scales provide 

investigators with quantifiable values and participants with a range within which they 

may gauge the intensity of an effort (Borg, 1970, Faulkner and Eston, 2008).  The use 

of scales of perceived exertion in time-trial protocols is particularly common (Hettinga 

et al., 2006b, Mauger et al., 2010b, Tucker et al., 2006c).  However, whilst the use of 

RPE and time-trials in protocols have been separately deemed to be reliable, to-date 

no studies have investigated the reliability of RPE based time-trials, and furthermore, 

the reliability of such protocols between sample groups has also yet to be identified. 

 

A scale for rating perceived exertion was originally proposed by Gunnar Borg in the 

1960’s and first published in its entirety in 1970 (Borg, 1970).  The Borg scale of 

perceived exertion posits that the sum of all integrated feedback for physiological and 

psychological mechanisms can be quantified using a scale from 6-20, with an RPE of 6 

corresponding to ‘No exertion at all’ and an RPE of 20 equating to ‘Maximal exertion’.  

This scalar measure of a conscious perception of effort has been adopted as a reliable 

measurement tool by the American College of Sports Medicine (2005) and has been 

adapted by other authors (Grant et al., 2002, Eston et al., 2008, Noble et al., 1983, 

Borg, 1998) for use with different population groups.  A detailed discussion of the 

reliability of RPE can be found in Chapter 2. 

 

The term reliability is defined as “a measure of the consistency of data” (Vincent, 2005 

pp3) and is commonly described using a correlation coefficient such as the Pearson 

product moment correlation (Weir, 2005), however the use of this statistic is 

inappropriate for demonstrating reliability when two values from the same variable are 

effectively being compared (Thomas et al., 2005). In recent years researchers have 

criticised correlation coefficients such as the Pearson product moment correlation (r) 

when used as a measure of reliability, suggesting that the statistic is a measure of the 

relationship between two variables, not the measure of agreement (Bland and Altman, 

1995, Hopkins, 2000), and therefore does not account for sample heterogeneity or 

systematic error (Weir, 2005).  This has led to calls for more appropriate statistical 

techniques to quantify absolute reliability or agreement. 
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A number of other alternative methods for establishing reliability have been advocated: 

these include the intra-class correlation coefficient (icc), the coefficient of variation (CV) 

and the use of limits of agreement (LoA). 

 

The intra-class correlation coefficient is as prone to similar variation as Pearson 

product moment correlations (Atkinson and Nevill, 1998), and has been acknowledged 

by some as being too sensitive to a range of measurements in a sample (Bland and 

Altman, 2010).  Its use has been shown by authors such as Ottenbacher and 

Tomcheck (1994) to be insensitive to marked changes to absolute agreement between 

2 methods of measurement, and by Weir (2005) as being calculable using at least 6 

different methodologies.  However the icc is advocated by Hopkins (2000) as a statistic 

unbiased by sample size, and the only sensible approach to computing an average 

correlation between more than 2 trials.  Moreover, it is described by Bland (2004a) as a 

measurement developed for correlation between multiple observations in groups. 

 

In addition to the reliability properties of icc, some researchers have espoused the use 

of the typical error in reliability studies (Batterham and George, 2003, Hopkins, 2000, 

Hopkins et al., 2001).  The use of typical error to determine reliability can produce an 

expected value independent of sample size, and this can be used to calculate a 

coefficient of variation.  This statistic calculates reliability through the production of a 

unit which describes the typical error expressed as a percentage of the participant’s 

mean performance, thus allowing straightforward comparisons of different 

measurement tools.  The coefficient of variation is extensively used in biological and 

biochemical reliability research, and is considered particularly useful for assessing 

reliability of athletic events or performance tests (Hopkins, 2010).  Although popular, 

CV may underestimate the true variation between tests (Atkinson and Nevill, 1998) as 

it assumes that the largest variation occurs in the individuals scoring the highest values 

on the test (Bland and Altman, 1995).  The use of limits of agreement (LoA) has 

therefore been advocated as a useful alternative to CV for measuring reliability 

between different variables (Bland and Altman, 2010). 

 

The use of LoA as a method of analysing repeated measurements has emanated from 

medical literature, and its use in sports science is increasingly accepted. The LoA 

calculates a range, within which, differences in scores are theoretically located 95% of 

the time, thus encompassing scores greater or less than two standard deviations from 

the mean difference.  Some authors have championed the LoA as the most appropriate 

method for assessing within-subject variability (Atkinson and Nevill, 1998) however it 
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too has also been criticised for being biased when applied to studies involving small 

sample sizes of less than fifty participants (Hopkins, 2000). 

 

In the midst of conflicting opinions when assessing subject variability it has been 

recommended that researchers should cite a number of statistical measures including 

LoA for assessing within subject variability (Atkinson and Nevill, 1998). Therefore, LoA 

has been included in the current study along with CV, icc, and Pearson product 

moment correlations as appropriate. 

 

Currently, little of the literature has described the reliability of RPE scores during 

exercise with anything other than correlation coefficients. Marriott and Lamb (1996) 

demonstrated r values of 0.82 and 0.84 in the heart rate and power output responses 

of participants using rowing ergometry to complete RPE based exercise estimation and 

production trials.  In this experiment participants were initially asked to complete a trial 

in order to ‘estimate’ RPE whilst working a range of power outputs.  On a subsequent 

occasion participants were then asked to ‘produce’ the wattage based on an RPE 

value.  The authors of this study did not report any further statistical measures of 

reliability, however actual percentage differences revealed that the estimation and 

production heart rates were similar at RPE’s of 15, 17 and 19, whilst power outputs 

were only similar at RPE 17.  This incongruence could be a consequence of the 

oscillating, rather than incremental order, in which RPE’s were requested for production 

during the trials (RPE 15, 11, 17, 13, 19).  Equally, it could be a product of different 

methods used to record heart rate (final 15s of each stage) and power output 

(averaged over the whole 3min stage).  Previous studies of 2OV  have shown that the 

length of sample time can influence the value of the 2OV  recorded (Johnson et al., 

1998), thus a similar response might be expected using different recording intervals in 

the measurement of HR and power output. 

 

In a later study on the reliability of ratings of perceived exertion in a treadmill based 

exercise test, Lamb and colleagues were the first to use limits of agreement in the 

assessment of reliability of RPE (Lamb et al., 1999).  This study demonstrated that 

strong limits of agreement at lower levels of perceived exertion had the potential to 

mask lower levels of agreement in the latter stages of an incremental exercise test.  

Using a 4 stage incremental exercise test, Lamb et al., maintained treadmill speed but 

increased incline with every stage whilst recording RPE and heart rate.  This protocol 

demonstrated LoA’s of 0.88-2.02 RPE units in stage 1 (mean RPE 10.05), which 

increased to -0.13-2.94 RPE units in stage 4 (mean RPE 15.45), suggesting that lower 

intensities would demonstrate better agreement than at the higher end of their range of 
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intensities.  Trends in LoA were mirrored by corresponding changes in intra-class 

correlation coefficients and Pearson product moment correlations such that r values of 

0.81 were found in stage 1, which reduced to 0.60 in stage 4.  These trends led the 

authors to describe icc and Pearson production moment correlations as lending 

themselves to an interpretation as unfavourable as that of the LoA.  The most notable 

finding from this study was that, in contrast with the 1996 paper, this study found the 

reliability of RPE to have a converse relationship with exercise intensity albeit over a 

much smaller range of intensities (RPE 10.05-15.45). 

 

A study by Garcin et al., (2003) involving physical education students showed that RPE 

and heart rate can demonstrate a Pearson product moment correlation test-retest 

coefficient of 0.94-1.0 during incremental exercise tests on a running track over 

exercise intensities from RPE 7.5-18.8.  These authors went on to use 95% limits of 

agreement to show that there was no systematic bias to their measurements 

(LoA=0.46 + 4.40 b.min-1), and bring into question the applicability of Lamb et al.’s 

earlier treadmill study possibly based on the protocol design and narrower band of 

exercise intensities used (Lamb et al., 1999). 

 

In a recent study to investigate use of RPE scales in the prediction of 2maxOV  in 

exercise protocols using RPE scores, Lambrick et al., (2009) have demonstrated icc 

values of 0.97 between 2OV  and RPE throughout an exhaustive exercise bout.  This 

study has also described intra-class correlation coefficients of 0.94 at RPE 20 and 0.96 

at RPE 19 when comparing predicted and measured values in a perceptually regulated 

sub-maximal exercise test. These data reaffirm support for the reliability of RPE.  

Similar studies have also used RPE in the prediction of 2maxOV .  Coquart et al., (2010) 

showed that power output at RPE 15 can be reliably used to predict 2peakOV  in obese 

females using an r value of 0.83, whilst Morris et al., (2010) have demonstrated that 

2OV  at RPE 19 and 20 can be reliably predicted using extrapolation from a protocol 

limited to RPE 15 (LoA -0.6 ± 7.1 and -2.5 ± 9.4 ml∙kg-1∙min-1 respectively).  Collectively 

these studies demonstrate the reliable use of RPE in both self-paced and incremental 

exercise and to an intensity of RPE 17. 

 

To-date, relatively few articles have addressed the reliability of self-paced time-trials 

despite their increasing use (Hettinga et al., 2006b, Mauger et al., 2010b, Tucker et al., 

2006c), particularly with reference to the reliability of RPE as an independent variable, 

rather than a dependent response.  Work by Schabort et al., (1998) has demonstrated 

that a 1 hour self-paced time-trial run can be reproducible with a CV of 2.7% and icc of 
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0.90, but these findings have as yet, not been combined to show the reliability of self-

paced exercise based on RPE intensities.  In addition, whilst the use of time-trial 

protocols have been found to be a reliable measure (Laursen et al., 2007), their 

application is most commonly based on a paired-sample repeated-measures design 

which can only identify differences within-groups.  In such a context, reliability could 

merely be due to a learning effect thereby masking an ability to yield consistent results. 

 

Experiments of a paired-sample repeated-measures design are known to provide a 

better opportunity for investigators to control for individual differences in participant 

characteristics, and thus observe change in a variable rather than artificial changes due 

to variance brought about by the responses of different participants (Leavitt, 2001) or 

the initial differences in group characteristics (Graziano and Raulin, 2007).  They do 

however suffer from the potential introduction of learning effects, meaning that 

participants improve in a second observation merely due to practice, or conversely, 

decrease performance due to the repetitive nature of trials or boredom (Thomas et al., 

2005).  An experiment using matched participants in the same condition would 

demonstrate that the inter-individual reliability of a protocol is not reliant on repeated 

exposure to a similar protocol and would quantify between-group reliability.  

Furthermore, it would show that findings from such a protocol could be generalised to a 

wider population group.  

 

Given the recent growth of interest in self-paced RPE based protocols a timely review 

of the reliability of a self-paced time-trial protocol is now appropriate.  This study was 

therefore designed to develop further understanding of the reliability of RPE based 

studies by investigating the reliability of a self-paced RPE-based time-trial protocol 

using a range of reliability statistics, and a contrasting method of experimental design. 
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5.2 Purpose of the study 

 

The purpose of this study was to investigate the reliability of a self-paced time-trial at a 

fixed perceptual rate of exertion (RPE) using 5000m rowing exercise using within-group 

and between-group comparisons. 

 

 

5.3 Aims of the study: 

 

To demonstrate the test-retest reliability of a self-paced time-trial protocol at a fixed 

rate of perceived exertion over 5000m of rowing exercise. 

 

To investigate the differences in performance of a self-paced 5000m rowing time-trial 

demonstrated by within-group and between-group comparisons. 

 

To quantify the reliability of a self-paced time-trial at a fixed RPE using a range of 

reliability statistics. 

 

 

5.4 Methodology 

 

5.4.1 Participants 

Sixteen healthy, well-trained male participants were recruited and agreed to take part in 

this study (Table 5.1).  Following the completion of familiarisation and preliminary 

testing participants were randomly assigned to aerobically-matched sample groups for 

the purposes of the experiment.  All were informed of the procedures in advance and 

informed consent was provided prior to any data collection. The study was approved by 

the Central Regional Ethics Committee of New Zealand and by Leeds Metropolitan 

University Faculty Research Ethics Committee. All participants were recreational 

gymnasium users and each received technical advice from a qualified rowing coach on 

using the rowing ergometer during a two-week familiarisation period.  
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Table 5.1 Participant characteristics of the study participants assigned to  

  groups A and B. 

 

  
  

Participant Characteristics 

Mean ± SD 

 
Height Weight Age 

2peakOV  Power at 2peakOV  

n (m) (kg) (years) (ml·kg-1·min-1) (W) 

Group A 8 1.77 ± 0.06 77.10 ± 8.11 30 ± 7 52 + 3 273 ± 24 

Group B 8 1.78 ± 0.05 80.14 ± 15.47 30 ± 7 57 + 13 288 ± 11 

 

5.4.2 Participant screening and familiarisation 

Participant screening was followed by a familiarisation in which all participants 

performed a standardised 10min familiarisation trial which consisted of a four stage 

incremental protocol, this was subsequently used as a standardised priming exercise in 

each of the trials and is described in detail in Chapter 3, General Methods. 

 

5.4.3 Preliminary testing 

On separate and subsequent occasions to familiarisation all participants performed an 

incremental exercise test to volitional exhaustion on a Concept 2 rowing ergometer 

(Model D: Concept 2, Tauranga, NZ) for the determination of peak aerobic power 

( 2peakOV ). Oxygen uptake (Cortex MetaMax 3B, Cortex Biophysik, Leipzig, Germany) 

and power output (RowPro v2.006 software. Digital Rowing, Boston, MA, USA) were 

continuously monitored stroke-to-stroke. Power output was visible via the Concept 2 

display unit at all times.  Initial exercise intensity was set at 150 Watts for 3min then 

increased by 25 Watts each subsequent minute until volitional exhaustion or an inability 

to maintain the required power output was reached.  This protocol has previously been 

described by Smith (2000) and has been used in assessments by Rowing New 

Zealand. 

 

Baseline measures of 2peakOV  were used to ensure independent groups were 

aerobically-matched prior to the investigation of power output test-retest reliability. 

 



 

 85 

5.4.4 Experimental procedures 

Following a standardised warm-up, irrespective of grouping, each participant 

completed a 5000m exercise bout on a rowing ergometer at an intensity of RPE 15 

(Hard-Heavy).  Each test session was identical. No visual feedback was provided in 

either bout to ensure participants self-paced, an RPE chart was visible to participants 

throughout the trial, and participants were positively verbally encouraged, and regularly 

reminded to maintain the required intensity throughout the trial. (Figure 5.1).  

 

 

 

Main trial 5000m at RPE 15. 

 

Figure 5.1 Diagrammatic representation of the warm-up and protocol for the Group A 

and Group B. 

 

Exercise trials were held at the same time of the day on each of the two occasions to 

avoid diurnal variations in physiological responses. Participants were instructed to 

refrain from additional organised physical activity on the day prior to testing and to 

maintain habitual exercise routines. Ambient laboratory temperature was standardised 

at 18˚C across all tests, while relative humidity remained consistent (35-45%).  All 

participants consumed a beverage of water 2 hours before the start of the test  

(5 ml∙kg-1∙body mass) to ensure comparable levels of euhydration between participants 

and groups (Montain and Coyle, 1992). 
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As the study was designed to demonstrate the reliability of the protocol, rather than the 

physiological response to it, only performance data was recorded. 

 

5.4.5 Power output measurement 

Power output measurements followed the pattern described in Chapter 3 General 

Methods. 

 

In brief:  Stroke-to-stroke power output (PO) was assessed using the RowPro v2.006 

software (Digital Rowing, Boston, MA, USA) in conjunction with the Concept 2 

interface. 

 

5.4.6 Calibration procedures 

Calibration procedures followed the pattern described in Chapter 3 General Methods. 

 

In brief:  Prior to each warm-up the drag factor on the rowing ergometer was measured 

and calibrated to a drag factor of 130 10-6 N·m·s2 prior to any data recording. 

 

5.4.7 Data analysis 

Dynamic variations in power output were recorded stoke-by-stroke and transformed 

into 30s measures to reduce data noise and create comparable measurement intervals 

for statistical comparison. 

In contrast to the use of scalar reporting of data in Chapter 4, Chapter 5 expresses 

data as a percentage trial in order to better represent physiological and performance 

responses of participants without the impact of differences in time to completion. 

 

A simple and effective means of determining time-domain variability is to calculate the 

standard deviation (SD) of each data point (i.e. each 30s time aligned interval) as a 

series. This method of analysis is frequently used in the study of heart rate variability 

(Achten and Jeukendrup, 2003, Aubert et al., 2003). The standard deviation for each 

data series was therefore used to provide an overall comparative measure of dynamic 

time-trial variability (ttv) between test groups. 

 

5.4.8 Statistical analysis 

The statistical software packages SPSS (version 11.0, SPSS, Chicago, IL, USA) and 

Graphpad Prism (version 4, GraphPad Software Inc, La Jolla, CA, USA) were used for 

all statistical analysis.  Results were assessed for normal distribution then statistically 

compared using one-way analyses of variance (ANOVA) with post-hoc Bonferroni 

correction statistics. 
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Other comparisons were made using independent Student’s t-tests. Probability values 

of less than 0.05 were considered significant. All results are expressed in means  SD. 

 

A number of measures of reliability were used as advocated by Atkinson and Nevill 

(1998).  Pearson product moment correlations were used to calculate r values.  Intra-

class coefficients (icc) were calculated using the formula previously described by Bland 

(2004a).  Coefficients of variation (CV) were calculated using the formula previously 

described by Hopkins (2010) to provide a measure of percentage variation seen in the 

trials. Limits of agreement (LoA), promoted by Bland and Altman (2010), were also 

reported once corrected for degrees of freedom as recommended by Hopkins (2000). 

 

Calculating an average coefficient of variation by averaging CV scores can result in a 

deviation of 0.9 from the correct value (Schabort et al., 1998).  Corrected estimates of 

average CV’s were therefore calculated by taking the square root of the average of the 

square of CV’s of individual scores. 
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5.5 Results 

 

Mean power output at RPE 15 and performance time was found to be similar between 

the aerobically matched groups (p=0.21; p=0.99).  The participant groups were able to 

accurately replicate a similar performance at RPE 15 with an intra-class correlation 

coefficient of 0.912.  Strong within-group reliability was demonstrated through 

coefficients of variation of 4.28% and 4.46% in Groups A and B respectively.  In 

addition when power was expressed relatively as a percentage of power at 2peakOV  the 

group’s responses were still similar (p=0.64).  Mean power output responses are 

provided in Table 5.2 and Figure 5.2. 

 

Table 5.2 Mean performance responses and reliability in two experimental groups. 

 

  Group A Group B 

Performance Time (s)    1266 + 50   1267 + 61 

Mean Power Output (W)  174 + 7  178 + 8  

Percentage of power at 2peakOV  (%)  64 + 6  62 + 10 

CV (%)  4.28    4.46 

ttv (W)  13 + 3  11 + 6 

icc 0.912 

No significant differences observed between groups Performance time p=0.99; Power output 

p=0.21 or Percentage of power at 2peakOV  p=0.64. 

 

Whilst performance time and power output were similar between the two groups 

(p=0.99; p=0.21), the mean standard deviation of power output was significantly lower 

in Group A than in Group B (23 + 3 Watts vs. 29 + 3 Watts; p<0.001).  However the 

coefficients of variation of 4.28% vs. 4.46% were notably consistent across the two 

exercise bouts, as was the time-trial variability of 13 + 3 Watts in Group A and 11 + 6 

Watts in Group B (p=0.61).  
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No differences were observed in power output responses between-groups or within-groups in 

each exercise bout.  Mean SD lower in Group A than Group B (p<0.001) 

 

Figure 5.2 Mean performance responses in two experimental groups expressed as a 

function of percentage trial completed. 

 

The limits of agreement are shown in the Bland and Altman plot (Figure 5.3), a mean 

difference of 3.19 + 4.50 Watts when adjusted for degrees of freedom as 

recommended by Hopkins (2000).  Notable outliers in Figure 5.3 are labelled as the 

power output at 5% and 10% trial completion.  These larger differences are created as 

participants take varying time to get up to pace from a standing start.  When the 

comparisons at 5% and 10% trial completion were removed from the analysis the mean 

difference dropped to 2.05 + 2.63 Watts. 
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Labels refer to values of agreement at 5% and 10% trial completion. 

 

Figure 5.3 Limits of agreement Group A vs. Group B (Bland and Altman plot) 

expressed as a function of power output. 

 

 

5.6 Discussion 

 

These data demonstrate that exercise intensity can be reliably replicated using RPE as 

an independent variable both within-group and between-groups of aerobically-matched 

independent participants.  RPE has previously been shown to be reliable as a 

dependent variable, however this work is the first to demonstrate reliability as an 

independent variable, this finding is supported by the use of a range of reliability 

statistics as advocated by Atkinson and Nevill (1998).  The nature of exercise at a 

perceived exertion does not lend itself to comparisons between participant groups; thus 

this study’s finding that aerobically-matched independent sample groups can match 

and maintain work at a similar exercise intensity of perceived exertion is most notable, 

and opens opportunities for further investigation into exercise at fixed work rates using 

other independent sample groups. 

 

5% 

10% 
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The primary finding of this study was the excellent reproducibility of power output at 

RPE 15 both within-groups and between-groups.  The low coefficient of variation 

demonstrated by both Groups A and B (4.28% and 4.46%) provides support for the 

reliable use of time-trial protocols within participant groups.  In addition the high intra-

class correlation coefficient (icc=0.912), and similarity in mean power output (p=0.21) 

between the aerobically-matched groups suggests that independent participant groups 

were also able to reliably replicate an exercise intensity based on perceptions of 

exertion.  These findings support the work of Garcin et al., in the use of RPE during 

constant load exercise (Garcin et al., 2003) and extend the field by demonstrating the 

reliable use of self-paced time-trials at a fixed RPE between aerobically-matched 

groups. 

 

A self-paced time-trial was used by Tucker et al., (2006a) to demonstrate non-random 

fluctuations in power output, and similar protocols at fixed rates of perceived exertion 

have since been used to investigate the influence of variables such as ambient 

temperature and acetaminophen (Hettinga et al., 2006b, Mauger et al., 2010b) all using 

time-trial based protocols.  The reliability of time-trial based protocols, has however 

previously been questioned (Hinckson and Hopkins, 2005a).  Furthermore the reliability 

of time-trials based upon a self-paced rate of perceived exertion has hitherto not been 

identified.  Schabort et al., (1998) have previously demonstrated the reliability of a self-

paced 1 hour time-trial, which was estimated to be at an intensity of 80-83% 2peakOV , in 

which participants were asked to run as far as possible in 1 hour (icc 0.90; CV 2.7%).  

In addition, Laursen et al., (2007) has shown that assessment using time-trial variability 

is better than the alternative method of log-log modelling a time-to-exhaustion 

proposed by (Hinckson and Hopkins, 2005a).  However the findings of the current 

study are the first to show the reliability of a time-trial based on fixed rates of perceived 

exertion, thus providing validity to findings of studies using similar protocols which had 

previously not been demonstrated to be reliable. 

 

The average coefficient of variation of 4.37% in the current study is slightly higher than 

that of Schabort (1998), and that may be a product of the between-subject variation (as 

evidenced by the error bars in Figure 5.2) and the slight but significant difference in the 

standard deviation between-groups (23 + 3W vs. 29 + 3W; p<0.001).  However, this is 

still much lower than the 17-27% CV’s seen in time-to-exhaustion experiments which 

have previously been employed in reliability studies (Krebs and Powers, 1989, 

McLellan et al., 1995, Jeukendrup et al., 1996), suggesting that time-trial protocols 

have a lower variation than those of time-to-exhaustion, despite the ability of 

participants to vary power output based on changes to perceived exertion.  One cause 
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of the slightly greater variation seen in this study, when compared to that of others, 

may be the inter-participant variation within-groups which is also evident in the variance 

seen in baseline measures of 2peakOV  particularly in Group B.  However the 

consistency of CV and ttv across the two groups in this independent samples study 

would tend to discount that suggestion.  In addition the intra-class correlation of 0.912 

convincingly demonstrates the reproducibility of such a protocol.  Despite this, the inter-

participant variance within the groups may be considered a limitation of this study. 

 

In contrast to many reliability experiments this study used an independent samples 

design to assess reliability both within- and between-groups.  Conventional paired-

sample repeated-measures studies assume that there is a relationship or correlation 

between the scores in a first trial and a second trial thus only assessing variance 

within-groups.  The result in trial 2 is therefore still partially dependent on trial 1 and 

thus more likely to produce similar results than the scores of two different groups 

(Vincent, 2005).  Whilst the use of protocols of a repeated-measures design allows a 

researcher to be more confident that any difference observed is in response to the 

applied condition, in studies in which differences are not expected, the chance of a type 

II error occurring is dramatically increased.  The use of an independent samples design 

in this study is therefore unconventional, but appropriate, in order to investigate the 

reliability of RPE in self-paced trials both within and between sample groups.  

 

The findings of this study demonstrate the reliability of a self-paced time-trial both 

within- and between-groups of aerobically-matched participants.  This is fundamentally 

important to the use of self-paced protocols as it provides grounds for investigators to 

confidently reflect on changes in pacing as a response to factors other than participants 

inability to reliably reproduce a self-paced time-trial at RPE 15. 

 

Limits of agreement are used to demonstrate the range within which differences in 

scores are theoretically located 95% of the time (Atkinson and Nevill, 1998).  In this 

study notable outliers can be observed in the first 10% of the trial whilst participants 

‘dial in’ a pace, thereafter however the differences between the two groups are well 

within the 95% limits of agreement and clustered consistently around a mean 

difference as shown in Figure 5.3.  In a recent conference presentation Thomas et al., 

(2010) demonstrated a greater variability at the start of a 20km cycling time trial, which 

was attributed to the level of uncertainty at the commencement of the trial.  Thereafter, 

they too saw a reduction in power output variability, until the end-spurt in the final 

kilometre of the trial.  When the comparisons at 5% and 10% trial completion were 

removed from the present analysis the difference between the two groups was reduced 
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to 2.05 + 2.63W and including the outliers the mean difference was only 3.19 + 4.5W.  

In a study by Faulkner et al., (2007) a value of 25W was used to approximate a rise in 

intensity of 1 RPE unit in an investigation which demonstrated the validity of estimating 

2maxOV  from a sub-maximal graded exercise test, the work also described a variance 

in power output at an intensity of RPE 15 of 41W; the equivalent of 1.64 RPE units.  

The results of Lamb et al. suggest a variance of 2.94 RPE units to be expected at RPE 

15 (Lamb et al., 1999).  Although using independent samples, the current study was 

able to demonstrate much closer limits of agreement than that of previous studies 

which have used paired sample protocols. 

 

 

5.7 Summary 

 

The findings of this study demonstrate the strong replication of power output intensity 

both within-groups and between aerobically-matched groups in time-trials at a fixed 

perceived exertion.  This provides evidence to justify the reliability of a protocol based 

on a fixed RPE score across independent sampled groups and suggests that such a 

study design could be used to observe changes in the pattern of power output within an 

exercise bout in order to investigate pacing behaviour.  Using a number of statistical 

measures as recommended when assessing reliability (Atkinson and Nevill, 1998), the 

findings of the current study therefore provide evidence of the reliability of a self-paced 

time-trial using a perceptually regulated scale. 
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Chapter Six 

 

Comparison of self-paced exercise in response to intervals of radiant warming 

and constant thermoneutral conditions. 

 

6.0 Abstract 

 

The purpose of this study was to investigate the influence of intervals of radiant 

warming and constant thermoneutral conditions on dynamic physiological responses 

during self-paced exercise in which the participants were either: non-warmed (NW), 

warmed (W) or warmed in intervals (IW) for fixed periods throughout the trial.  Eleven 

male participants (age; 30 + 7 years, 2peakOV ; 56 + 12 ml∙kg-1∙min-1) performed four 

exercise trials ( 2peakOV , 5000m rowing clamped at RPE 15 in randomly ordered NW, 

IW or W conditions). Environmental temperature was standardised at 18˚C (35-45% 

humidity) which was raised to ≈35˚C during warming intervals via radiant heat lamps. 

Intervals of warming were applied from 1000-2000m (W1) and 3000-4000m (W2).  

Performance times and average power output for the 5000m matched intensity trials 

were not significantly different (IW; 1270 + 68s vs. NW; 1268 + 61s vs. W; 1264 + 57s; 

p=0.10) (IW; 170 + 12W vs. NW; 172 + 17W vs. W; 174 + 21W; p=0.189). However 

power output per 200m was reduced in W1 from 1200m to 2000m (p=0.03) but not in 

W2 (p=0.10). Tsk increased by 0.51˚C (p=0.05) during W1, and by 0.15˚C in W2 

(p=0.28). No significant changes were observed in Tc throughout the trials.  Overall 

performance times were not influenced by the intervention, however a reduction in 

power output as a consequence of the first period of warming was observed. This is 

probably attributable to an unexpected homeostatic disturbance which influenced the 

early stage pre-conceived pacing strategy of the exercise bout. A multi-level pacing 

plan which incorporates a concept of acceptable homeostatic set points within dynamic 

exercise has previously been proposed (Edwards and Noakes, 2009) which may 

explain the altered influence of warming during early stage of the IW condition. The 

concomitant changes to Tsk and PO in this investigation without significant change to Tc 

suggested that skin temperature may play an important signalling role in the variation in 

exercise intensity. 
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6.1 Introduction 

 

Homeostasis is known to be influenced by changes in core body temperature 

(Benzinger, 1969), and an increase in core temperature has been previously linked 

with premature fatigue during maximal and sub-maximal exercise (Casa, 1999).  The 

development of fatigue has been associated with intra-trial fluctuations which allow the 

performer vary effort as part of a behavioural responses in order to defend 

homeostasis (Edwards and Noakes, 2009, St Clair Gibson et al., 2006, Tucker and 

Noakes, 2009).  The changes in pace during an exercise bout may therefore be 

considered as important behavioural responses to challenges of homeostasis, such as 

those brought about by changes in internal temperature, but this can only be observed 

in exercise where pace is free to vary.  The impact of changes in a thermal 

environment on self-paced exercise may consequently provide a potent model through 

which thermoregulatory behaviour may be observed (Schlader et al., 2010a, Schlader 

et al., 2010b) and the mechanisms of pacing further defined. 

 

During exercise, up to 75% of the energy liberated by the body takes the form of heat 

energy, due to the relatively low mechanical efficiencies of skeletal muscles (Prampero, 

1981, Astrand et al., 2003).  The consequential rise in internal temperature developed 

during exercise invokes a sweating response, which serves to defend core temperature 

(Ekblom et al., 1971).  In addition to the challenge to core temperature brought about 

by exercise itself, exercise performed in the hot conditions is also known to result in 

premature sensations of fatigue when compared with exercise in an equivalent 

thermoneutral environment (Tucker et al., 2004, Gonzalez-Alonso et al., 1999).  It is 

likely that the thermoregulatory systems of the body may be linked to a mechanism of 

control which can detect changes in temperature and alter perception accordingly, in 

order to defend against unacceptable challenges to core temperature, and the 

development of premature fatigue or a catastrophic failure of systems. 

 

Ratings of perceived exertion (RPE) in response to exercise have been previously 

shown to be well correlated with core body temperature during cycling exercise in a 

hyperthermic (40˚C) and thermoneutral (18˚C) environment (r=0.98, p<0.001) (Nybo 

and Nielsen, 2001b).  Because exercise is known to increase core body temperature, it 

is possible that during prolonged exercise at a fixed RPE, power output may 

progressively decline in order to maintain core temperature and thus homeostasis.  In 

support of this, reductions in power output at the onset of self-paced exercise in the 

heat have been noted in both cycling and running events (Kay et al., 2001, Marino et 

al., 2004). The reductions in power output were observed prior to an exercise-induced 
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elevation of body temperature (Nybo and Nielsen, 2001a), and suggest that an 

anticipatory central regulatory process may be influential from the onset of exercise.  

 

A study by Marino et al., (2004) investigated running speeds of African and Caucasian 

runners in hot and cool conditions, and identified that Caucasian runners reduced 

running speed in warm conditions, a response which was not seen in African runners.  

Furthermore, although African runners commenced an 8km performance run at similar 

speeds in both cool and warm conditions, the Caucasian runners significantly reduced 

the run speed at the start of the warm trial, prior to any significant rises in rectal 

temperature.  The reduction in running pace by the Caucasian runners in the warm 

condition was attributed to their greater body size and the consequential higher rates of 

heat storage which were developed by the Caucasian runners in comparison with the 

African runners.  This lead Marino et al., to suggest that changes in pacing in hot 

conditions were unlikely to be limited by failure of sweating mechanisms, and were 

more probably regulated by a mechanism of complex metabolic control which invokes 

a pacing plan appropriate to the environmental conditions. 

 

Evidence for the concept of temperature influencing a pacing strategy has been 

provided by Byrne et al., (2006) who indirectly demonstrated that changes in pace can 

be linked to changes in core temperature during a self-paced, mass participation 

running event in the heat.  Participants were monitored during a marathon conducted in 

temperatures of 26.3-30.6˚C dry bulb temperature with 75-90% humidity, in which 22% 

of participant’s demonstrated concomitant reductions in core temperature (Tc) and 

heart rate (HR).  During the same event a further 33% of participants conversely 

demonstrated concomitant increases in Tc and HR.  No dynamic measures of pace 

were recorded, however if the participants altered performance based upon 

thermoregulatory feedback and a perception of effort rather than performance time (as 

is common in sporting practices), it becomes clear why inter-individual responses in HR 

and Tc, may be identified and why the authors failed to observe a significant 

relationship between performance time and any Tc variable.  To justify the inter-

individual variance in Tc during exercise the authors cite the work of Davies et al., 

(1976) who asserted that the major determinant of a rise in Tc is the relative oxygen 

uptake.  However it should be noted that oxygen uptake itself is only increased in 

response to, and not in advance of, an increase in work rate.  In this context, it could be 

argued that a model of complex control would better explain the inter-individual 

responses. 
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Support for the influence of complex metabolic control in self-paced exercise has been 

provided by Edwards and Noakes (2009), who have previously described the 

application of multi-level pacing plans with specific reference to elite soccer.  The 

meso- and macro-pacing plans proposed by Edwards and Noakes are suggested to 

allow players to defend set points of homeostatic imbalance, whilst an additional micro-

pacing strategy is also employed in order to respond to dynamic moment-by-moment 

changes in a game. Collectively, these plans allow players to complete a full match and 

still avoid the failure of any single physiological mechanism through a dynamic up and 

down-regulation of effort.  Evidence for this proposal has been presented in light of the 

absence of core temperatures sufficiently critical to cause the immediate cessation of 

exercise, and in response to the failure of numerous previous studies to identify a 

single metabolic factor linked to the development of fatigue in self-paced exercise 

(Lambert et al., 2005, Edwards and Noakes, 2009). 

 

The application of a pacing strategy implies the understanding of the effort yet to come 

in an exercise bout, and evidence of this can be derived from a laboratory based study 

by Tucker et al., (2004), which demonstrated that participants in a bout of self-paced 

cycling collectively down-regulated their power output at 30% of trial duration in warm 

conditions, compared with down-regulation at 80% trial duration in a cool condition.  

This behavioural reduction in effort occurred despite a similarity in rectal temperatures 

(Tre) until 95% of the trial completion.  The reduction in power output prior to a 

significant difference in Tre was proposed to be part of an anticipatory response to 

ensure that relative thermal homeostasis was retained in altered environmental 

conditions.  This could be considered part of an overall pacing strategy to avoid the 

development of critical core temperatures.  Further evidence from these authors 

(Tucker et al., 2006c) has proposed that the integration of feedback on the rate of heat 

storage and the participant’s rate of perceived exertion is combined to regulate work 

rate in order to ensure that the rate of heat storage does not reach levels unacceptable 

to any mechanism of central complex control.  

Recent work by Schlader et al., (2010a) has demonstrated differences in work done 

when progressively heating or cooling participants during exercise.  In a 60min cycling 

protocol, Schlader et al., found that greater work was completed in the trial which went 

from cold to hot when compared with the trial which went from hot to cold.  Due to rises 

in temperature brought about through exercise and the known benefits of maintaining 

cool core temperatures prior to exercise, this finding is surprising, but this protocol may 

be considered to represent an environment in which a contrast to normal responses 

was detected by the thermoregulatory system and a down-regulation of effort was 

therefore accordingly invoked. 
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The changes in temperature in the Schlader study (2010a) were progressive, and may 

therefore be predicted or incorporated into a pacing plan.  To-date, no studies have 

investigated the influence of interval-based changes in the thermal environment during 

exercise in order to identify a relationship between dynamic changes in body 

temperatures and alterations in power output.  If, as proposed, athletes prescribe a 

macro-pacing strategy prior to exercise which identifies set point tolerable limits to 

physiological parameters, then the introduction of interval warming would present a 

challenge to such a strategy and should result in a distinguishable change in either 

physiological or performance parameters. 

 

Recently authors have identified that changes to a pacing template in order to impose 

an optimal pacing profile can actually result in negative performance effects (Hettinga 

et al., 2011).  Whilst no difference was observed in the physiological parameters 

measured in these trials, the imposition of changes in the distribution of effort produced 

a poorer performance despite the pacing being theoretically optimal.  Changes to core 

temperature have been previously proposed as a factor capable of influencing work 

rate during exercise (Byrne et al., 2006, Marino et al., 2004, Tucker et al., 2006c), thus 

investigation into the effect of a changing thermal environment during exercise which 

would alter core temperature, and may have a concomitant influence on power output, 

is pertinent to the investigation of pacing and fatigue. 

 

This study will investigate the imposition of radiant heat, and the imposition of changes 

in thermal environment during exercise.  It is proposed that these impositions will result 

in a dynamic reduction in power output in self-paced exercise when compared with that 

of self-paced exercise in a consistent thermoneutral environment.  It is further 

suggested that any dynamic changes in power output will not bring about changes in 

the performance outcomes which may be controlled by a preset macro-pacing strategy. 

 

 

6.2 Purpose of the study 

 

The purpose of this study was to compare dynamic physiological responses to a self-

paced 5000m rowing exercise bout at a fixed rate of perceived exertion (RPE) in which 

the participants were either warmed (W) not warmed (NW), or warmed in intervals (IW) 

for fixed periods throughout the trial. 
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6.3 Aims of the study 

 

To compare physiological responses in a self-paced exercise bout at a fixed RPE over 

5000m of rowing exercise in response to intervals of radiant warming and constant 

thermoneutral conditions. 

 

To investigate the influence of changes in the thermal environment on dynamic 

physiological and performance characteristics in self-paced exercise at a fixed RPE 

over 5000m of rowing exercise. 

 

To investigate the existence of multi-level pacing strategies in self-paced rowing 

exercise at a fixed RPE in constant and changing thermal environments. 

 

 

6.4 Methodology 

 

6.4.1 Participants 

Eleven healthy, well-trained male participants were recruited and agreed to take part in 

this study (Table 6.1). All were informed of the procedures in advance and informed 

consent was provided prior to any data collection. The study was approved by the 

Central Regional Ethics Committee of New Zealand and by the Faculty Research 

Committee at Leeds Metropolitan University. All participants were recreational 

gymnasium users and each received technical advice from a qualified rowing coach on 

using the rowing ergometer during a two-week familiarisation period.  

 

Table 6.1 Anthropometric and cardiovascular characteristics of study participants. 

 

 Participant Characteristics 

 
Height 

(m) 

Weight 

(kg) 

Age 

(years) 

2peakOV  

(ml∙kg-1∙min-1) 

HR at 2peakOV  

(b·min-1) 

Mean ± SD 1.79 ± 0.05 80.05 ± 13.7 30 ± 7 56 ± 12 183 ± 11 
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6.4.2 Participant Screening and Familiarisation 

Participant screening and familiarisation followed the pattern described in Chapter 3 

General Methods with the following additions: 

 

Participants were introduced to equipment specific to this study which included the 

lighting rig (adapted from Twin Flood Tripod, Arlec ,Victoria, AU) with either warming 

bulbs (Siccatherm R125 250 Watt Red Bulbs) (OSRAM, Auckland, New Zealand), or 

placebo bulbs (Philips Partytone PAR38 80 Watt Red Bulbs) (Philips Lighting, 

Wellington, New Zealand), and Protective eyewear (UVEX Duoflex 9180-945, UVEX 

Auckland, NZ).  Images of the experimental equipment can be found in Figures 6.2 and 

6.3. 

 

10min familiarisation sessions were conducted with the lights turned on in order for the 

participants to become accustomed to the experience of the lights in the testing 

environment.  Protective eyewear was worn by the participants at all times during all 

trials. 

 

6.4.3 Preliminary testing 

All participants performed a standardised 10min familiarisation trial which consisted of 

a four stage incremental protocol, this was subsequently used as a standardised 

priming exercise in each of the trials and is described in detail in Chapter 3, General 

Methods. 

 

On separate and subsequent occasions all participants performed an incremental 

exercise test to volitional exhaustion on a Concept 2 rowing ergometer (Model D: 

Concept 2, Tauranga, NZ) for the determination of peak aerobic power ( 2peakOV ). 

Oxygen uptake (Cortex MetaMax 3B, Cortex Biophysik, Leipzig, Germany) and power 

output (RowPro v2.006 software. Digital Rowing, Boston, MA, USA) were continuously 

monitored stroke-to-stroke. Power output was visible via the Concept 2 display unit at 

all times.  Initial exercise intensity was set at 150 Watts for 3min then increased by 25 

Watts each subsequent minute until volitional exhaustion or an inability to maintain the 

required power output was reached.  This protocol has previously been described by 

Smith (2000) and has been used in assessments by Rowing New Zealand. 
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6.4.4 Experimental procedures 

Each participant completed three, 5000m rowing trials in three different experimental 

conditions, in an individually randomised order. In condition one (IW), participants 

completed 5000m at a constant rating of perceived exertion (RPE: 15-Hard) whilst 

being warmed from 1000-2000m (W1) and from 3000-4000m (W2). In condition two 

(NW) participants performed 5000m at a constant rating of perceived exertion (RPE: 

15-Hard) whilst not being warmed at any point in the trial. Finally in condition three (W) 

participants performed 5000m at a constant rating of perceived exertion (RPE: 15-

Hard) whilst being warmed throughout the trial.  Warming raised the temperature of the 

region surrounding the athlete to ≈ 35˚C (Kestrel 2000 Wind Meter, Nielsen-Kellerman, 

Boothwyn, PA, USA).  A graphical representation of the protocol can be found in Figure 

6.1 whilst images of the experimental equipment can be found in Figures 6.2 and 6.3. 

 

 

Condition 1; Interval Warming, 5000m RPE 15 warmed in alternate 1k intervals with a heating 

bulb.  Condition 2: Non-Warming, 5000m RPE 15 lit with a non-warming placebo bulb 

throughout the trial.  Condition 3: Warming, 5000m RPE 15 lit with warming with a heating bulb 

throughout the trial. 

 

Figure 6.1 Diagrammatic representation of the warm-up and protocol in three 

experimental conditions. 

 

Placebo lamps of similar Lux (light intensity) were used in the non-warming trial in 

order to maintain similar light intensity conditions as changes to the intensity 

(brightness) of lights have been previously shown to influence changes in core 

temperature (Zhang and Tokura, 1999, Atkinson et al., 2008).  In addition, participants 

were not made aware of the true purpose of the investigation or the systematic 

changes in pacing that the heat lamps were hypothesised to bring about.  

No visual feedback was provided in any condition to ensure participants self-paced, an 

RPE chart was visible to participants throughout the trial, and participants were 

positively verbally encouraged, and regularly reminded to maintain the required 

intensity throughout the trial. 
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Figure 6.2 Physical representation of the experimental environment.  Lighting rig in 

position fitted with warming bulbs set at a neutral height and direction (additional 

recording equipment is not pictured). 

 

 

 

 

Figure 6.3 Physical representation of the experimental environment. Lamps fitted with 

warming bulbs set at a neutral height and direction. 

 

Exercise trials were held at the same time of the day on each of the three occasions to 

avoid diurnal variations in body temperature, and were each separated by 

approximately one week. Participants were instructed to refrain from additional 

organised physical activity during the testing period and to maintain habitual exercise 
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routines. Ambient laboratory temperature was standardised at 18˚C across all tests 

while relative humidity remained consistent (35-45%).  All participants consumed a 

beverage of water 2 hours before the start of the test (5 ml∙kg-1 body mass) to ensure 

comparable levels of euhydration between participants and trials (Montain and Coyle, 

1992). 

 

6.4.5 Power output, oxygen uptake, and heart rate measurement 

Power output, oxygen uptake, and heart rate measurements followed the pattern 

described in Chapter 3 General Methods. 

 

In brief: Stroke-to-stroke power output was assessed using the RowPro v2.006 

software (Digital Rowing, Boston, MA, USA) in conjunction with the Concept 2 

interface.  Oxygen uptake was continuously recorded breath-by-breath (Cortex 

MetaMax 3B, Cortex Biophysik, Leipzig, Germany).  Whole blood capillary samples 

were drawn from the finger tip prior to exercise and at the immediate cessation of time-

trial performances for the analysis of blood lactate concentration (Lactate Pro, Akray 

Inc, Kyoto, Japan). Heart rates (HR) were continuously recorded (S610i, Polar, 

Kempele, Finland). 

 

6.4.6 Measurement of thermoregulatory factors 

Thermoregulatory measurements followed the pattern described in Chapter 3 General 

Methods. 

 

In brief: Core temperature (Tc) was measured via telemetry from the intestine using a 

silicon-coated thermometer pill (CorTemp2000, HQ, Palmetto, Florida, USA) which was 

swallowed by all participants 5-8 hours before exercise.  Skin temperatures (Tsk) were 

measured at four sites using stainless steel surface skin thermistors (Grant Logistics, 

Cambridge, UK). Temperatures were recorded continuously throughout the trial using a 

data logger (SQ400 Squirrel Data logger, Grant Logistics, Cambridge UK). Mean body 

skin temperature was calculated using the formula previously described by 

Ramanathan (1964). 

 

6.4.7 Calibration procedures 

Calibration procedures followed the pattern described in Chapter 3 General Methods 

with the following addition: 
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6.4.8 Warming Procedures 

The lighting rig was repositioned prior to each trial in order to produce consistent 

heating across the length of each participant’s stroke.  When repositioned, temperature 

was measured (Kestrel 2000 Wind Meter, Nielsen-Kellerman, Boothwyn, PA, USA) at 

three locations (catch, mid-drive, start of recovery) throughout the stroke to eliminate 

cool spots in any trial. 

 

6.4.9 Data analysis 

Dynamic variations attributable to pacing were assessed by the measurement of 

oxygen uptake, heart rate and power output which were recorded individually and 

transformed into 30s measures to reduce data noise and create comparable 

measurement intervals.  Due to variations in the time to complete 5000m the bout was 

considered as 100% and measures were then time aligned and batched into 5% bout 

means for each outcome measurement.  To represent changes in power output during 

the interval warmed condition power output was also dynamically analysed as a 

function of distance completed and expressed per 200m completed in order to quantify 

dynamic changes to performance responses. 

 

 

6.4.10 Statistical analysis 

The statistical software packages SPSS (version 11.0, SPSS, Chicago, IL, USA) and 

GraphPad Prism (version 4, GraphPad Software Inc, La Jolla, CA, USA) were used for 

statistical analysis.  Results were assessed for normal distribution then statistically 

compared using one-way repeated measures analyses of variance (ANOVA) with post-

hoc Bonferroni correction statistics.  Other comparisons were made using paired 

Student’s t-tests. Pearson product moment correlations were used to calculate r 

values.  Probability values of less than 0.05 were considered significant. All results are 

expressed in means  SD. 
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6.5 Results 

 

There were no differences in the average power output between the interval condition 

(IW, 170 + 12W), and the non-warmed environment (NW, 172 + 16W) (p=0.617) or 

between interval warmed and the warmed environment (W, 174 + 21W) (p=0.189).  

There was also no difference between power output in the constant environmental 

conditions (NW and W, p=0.134).  However significant differences were found between 

the average 2OV  in IW and NW (p=0.005) and between NW and W (p=0.016) 

conditions, and also between heart rate (HR) in IW versus W condition (p=0.037).  

Table 6.2 shows the average physiological and performance responses in each of the 

3 conditions. 

 

Table 6.2 Mean performance and physiological responses of participants in three 

experimental conditions. 

 

 

 

Performance 

Time 

 

(s) 

Power 

Output 

 

(Watts) 

2OV  

 

(ml∙kg∙min-1) 

Heart 

Rate 

 

(b.min-1) 

Core 

Temperature 

 

(˚C) 

Skin  

Temperature 

 

(˚C) 

IW 1270 + 68 170 + 12 37 + 3 ‡ 155 + 10 * 38.6 + 0.3 ‡ 31.0 + 0.4 ‡ 

NW 1268 + 61 172 + 17 38 + 4 
155 + 10 

(nd W p=0.06) 
38.7 + 0.3   

31.3 + 0.2 

(nd W p=0.09) 

W 1264 + 57 174 + 21 37 + 4 ‡ 156 + 11 38.4 + 0.3 ‡ 
31.2 + 0.2  

(nd IW p=0.07) 

* Sig diff W p<0.05 ; ‡ Sig diff NW p<0.01 ; nd No significant difference. 

 

To identify dynamic changes in variables each physiological and performance 

response was interpolated into 5% batches of trial duration. The 5000m bout was 

completed in between 1264 + 57 to 1270 + 68s, thus 5% of the trial duration equates to 

approximately 60s of exercise or ≈250m of trial distance completed. 

 

Figure 6.4 shows the power output in the three experimental conditions.  Periods of 

warming and non-warming in the intermittent protocol are indicated by an alternating 

blue and red bar along the x-axis. In each condition participants exerted their peak 

power output within the first 10% of the trial. Similar patterns of effort were observed in 

the warmed and non-warmed trials such that W and NW trials were not significantly 

different at any 5% of trial duration (p>0.05).  In addition IW was also not significantly 

different from NW or W conditions at any 5% time point.
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No significant differences observed. 

 

Figure 6.4 Mean power output in three experimental conditions expressed as a 

function of percentage trial completed. 

 

Power output was dynamically analysed as a function of distance completed and 

batched into 200m bins in order to quantify dynamic changes to the performance 

response.  Distance domain analysis was conducted at 100m, 200m and 250m 

intervals in order to identify the most appropriate interval to represent the data. 

Figure 6.4 appears to show a reduction in power output at a similar distance in each 

experimental condition.  Table 6.3 quantifies these changes in power output at 

comparable distances in each experimental condition. 

 

Table 6.3 Power output change at comparable distance markers in three experimental 

conditions. 

 

 Power Output (W) 

 1200m 2000m Change 3200m 4000m Change 

IW 182 + 33 171 + 34 -11W 6% 

(p=0.03) 

173 + 29 166 + 26 -7W  4% 

(p=0.10) 

NW 184 + 35 176 + 27 -7W  4% 

(p=0.27) 

175 + 28 171 + 25 -4W  2% 

(p=0.12) 

W 183 + 25 175 + 25 -8W 4% 

(p=0.17) 

175 + 24 175 + 27 0W  0% 

(p=0.94) 
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Dynamic analysis of power output in the IW condition, as expressed as a function of 

distance completed, showed that the first warming interval caused a significant 

decrease in power output from 1200m to 2000m of trial (p=0.03).  This equated to a 

reduction of 6% of the power output at 1200m.  In the second warming interval a 

decrease in power output of only 4% was observed from 3200-4000m.  This reduction 

in power was not found to be significantly different (p=0.10).  These reductions are 

shown in Table 6.3 and in Figure 6.5 as part of the dynamic plot of IW data. 
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; Significantly different 1200m p<0.05 

 

Figure 6.5 Mean power output in interval warmed condition expressed as a function of 

distance completed.  
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No significant differences observed from 10% of bout until trial completion. 

 

Figure 6.6 Mean oxygen uptake in three experimental conditions expressed as a 

function of percentage trial completed.  

 

Dynamic analysis revealed that oxygen uptake was significantly lower at 5% trial 

completion than at any other time point in all three conditions (p<0.001). Thereafter no 

differences were observed between relative oxygen uptakes in the three conditions 

(p>0.05) as seen in Figure 6.6.  Following an initial rise in heart rate no differences in 

heart rate were also observed from 10% of the bout until trial completion. Final heart 

rates were 162 + 20 b.min-1 in the IW, 161 + 16 b.min-1 in the NW and 165 + 19 b.min-1 

in W conditions respectively (p>0.05) 

 

Core temperature measures revealed no significant differences between start and end 

core temperatures.  Rises of 1.11 + 0.62˚C, 1.20 + 0.5˚C, and 1.18 + 0.08˚C were 

demonstrated in the IW, NW and W conditions respectively (p>0.05).  Final core 

temperatures were 38.55 + 0.27˚C in the IW condition, 38.64 + 0.31˚C in the NW 

condition, and 38.38 + 0.30˚C in W condition (p>0.05). 
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Mean skin temperatures in the warmed condition were not significantly different at any 

time point throughout the exercise bout, however skin temperatures were an average 

0.51 + 0.1˚C higher in the warmed condition compared with the non-warmed condition.  

Skin temperature data from one participant in the warmed condition may have been 

compromised by poor thermistor connections, for consistency of comparisons skin 

temperature from this participant was removed from all conditions.  Changes in mean 

skin temperature in the non-warmed trial demonstrated a period of temperature 

increases from 15-50% trial (0.53˚C; p=0.04) after which no significant changes were 

observed.  Changes in the interval warming condition reflected a distinct condition 

specific response.  Figure 6.7 demonstrates the mean skin temperature response in 

each of the three conditions. 
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No significant differences observed between trials at any time point. 

Significant increase in IW from 20-40% trial completion (p=0.05).  Significant increase in NW 15-

50% trial completion (p=0.04).  (n=7). 

 

Figure 6.7 Mean skin temperature in three experimental conditions expressed as a 

function of percentage trial completed. 

 

Dynamic analysis revealed a significant increase in Tsk of 0.51˚C in the interval warmed 

condition between 20-40% trial completion (p=0.05) in response to the first warming 

interval.  The second warming interval from 60-80% trial completion caused a rise of 

0.15˚C but this value failed to reach significance (p=0.28).  These changes in Tsk are 

plotted in conjunction with changes in power output in Figure 6.8. 
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Significant increases from 20-40% trial completion (p=0.05). 

 

Figure 6.8 Skin temperature and power output in the interval warmed condition 

expressed as a function of percentage trial completed. 

 

Pearson product moment correlations revealed significant relationships between core 

temperature (Tc) and performance time (r=0.828), Tc and power output (r=0.826), and 

Tc and heart rate (r=0.815) in the IW condition. There was also a significant correlation 

between skin temperature and 2OV  (r=0.806) in the same condition.  There were no 

correlations between these variables in the warmed and non-warmed conditions. 

 

Finally qualitative feedback from participants noted that the use of warming lights was 

not perceived as off-putting in any condition, and despite the ability to change the local 

temperature from ≈18˚C to ≈35˚C in a short space of time, 25% of the participants 

commented that they did not immediately notice when the warming commenced in the 

interval trial. 
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6.6 Discussion 

 

The main observation from this study was that the periodic introduction of direct radiant 

heat (35˚C) to the thermoneutral environment (18˚C) resulted in significant reductions 

in power output (p=0.03) during the first warming period (W1). This intervention 

significantly altered the pacing profile of the interval warmed condition, however, it did 

not significantly impede overall average power output or performance time. 

 

Despite the disturbance of the thermal environment during the interval warmed (IW) 

exercise bout, participants were still able to match efforts with, non-warmed (NW) and 

warmed (W) trials at RPE 15.  This study is the first to demonstrate the influence of a 

changing thermal environment on dynamic power output profiles during a self-paced 

bout of exercise. 

 

The dynamic fluctuation of power output across a self-paced bout of exercise without 

alteration to an overall outcome measure, has previously been described by Edwards 

and Noakes (2009).  In the review of dehydration as a sign of pacing, Edwards and 

Noakes proposed a strategy of macro-pacing, made of up intermediate meso-pacing, 

and dynamic micro-pacing strategies, which allow athletes to complete an exercise 

bout with similar overall outcome effects despite dynamic micro-pacing changes in 

physiological measures.  This concept has however never been applied to an 

investigation of changes in the thermal environment. 

 

The interval warming condition in this study presented an opportunity to investigate the 

influence of changes in a thermal environment during an exercise bout and the 

consequential effect on pacing strategies and provides partial support for the concept 

of multi-level pacing plans described by Edwards and Noakes (2009).  The significant 

reduction in effort of 6% (p=0.03) which can be observed from 1200m-2000m trial 

distance in the absence of overall differences in performance demonstrates that 

participants were able to dynamically alter their pacing strategy without impacting on 

overall performance. However, with the Edwards and Noakes concept of multi-level 

pacing strategies, would suggest this reduction in effort should have consequently 

been balanced by an increase in power output later in the bout in order to match the 

expected effort required for the overall performance. 

 

The inconsistency between these findings and the theoretical expectations may be 

attributed to the use of the RPE clamp in the trial which limited participants by asking 

them to maintain an effort equivalent to RPE 15 consistently throughout the bout. 
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Whilst the combination of the clamp and thermal disturbance would result in a 

reduction in their effort in the first period of warming, with a large proportion of the trial 

still unknown, the clamp would not allow for an increase in effort in the latter stages of 

the bout when participants are more confident of the effort yet to come, and thus more 

likely to consider increasing intensity accordingly. 

 

The Edwards and Noakes (2009) model of multi-level pacing plans was developed on 

the premise that footballers would work as hard as they could in an overall game, whilst 

in this study participants where asked to maintain a consistent sub-maximal level of 

perceived exertion.  It may thus be argued that use of an RPE clamp limited the 

participants ability to respond the imposed thermal changes, and fluctuate effort based 

upon innate pacing plans creating discrepancies between the observed and expected 

pattern of multi-level pacing plans. 

 

This study’s observation of aspects of a multi-level pacing strategy in self-paced rowing 

is in addition to the description of such strategies in football and world record athletics 

(Edwards and Noakes, 2009, Noakes et al., 2009) and suggests that the ability to alter 

pace may no longer be considered a singular shift within a bout of exercise.  The 

impact of challenges during exercise may therefore be influenced by the point at which 

they are applied during a trial.  Noakes et al., (2009) have previously identified that in 

order to complete a world record mile the greater application of effort is most often 

exerted in laps 1 and 4 rather than laps 2 and 3.  In the current study, the disturbance 

to power output was brought about by changes in the thermal environment, this 

disturbance, seen in the first warming interval was not seen the second warming 

interval.  The timing of this application within a pacing strategy may, in part, also 

explain the findings of Schlader et al., (2010a) who observed a greater impact of 

changes in temperature upon exercise intensity upon the commencement of exercise 

than during the remainder of a 60min cycling exercise trial. 

 

Evidence of the altered impact of thermal challenges, dependent upon their point of 

application in a bout, may be demonstrated by the disturbance to power output caused 

by interval warming in the first warming interval, which was however not significantly 

different during the second interval (p=0.10) from 3200m to 4000m.  In line with the 

proposition of macro- and meso-pacing plans being based upon individualised 

homeostatic set-points (Edwards and Noakes, 2009), it may be suggested that the 

second period of warming was insufficiently intense in order to trigger a disturbance in 

excess of the proposed set point and thus there was less of a reduction in power output 

than was observed in the first warming interval.  Indeed the effect of the second bout of 
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warming on skin temperature was 29% less than that of the first bout of warming.  Set-

points around which thermoregulation may be based were initially used to describe 

how deep body temperature was regulated in mammals (Hammel et al., 1963), the 

concept may now be better described as an interthreshold zone, but this area is still 

considered somewhat of a mystery (Cooper, 2002, Mekjavic and Eiken, 2006).  The 

interaction between power output and skin temperature seen in this study fits well with 

the proposal of a tolerable threshold of thermoregulation (Mekjavic and Eiken, 2006).  

Furthermore it has parity with a macro-pacing strategy and the theory of a complex 

metabolic controller capable of adjusting the effort in response to events which occur 

during a bout of exercise (Edwards and Noakes, 2009, Tucker, 2009).  

 

The consistency of oxygen uptake and heart rate in each condition in the present study 

shows that performers were able to maintain the exercise intensity.  The average 2OV  

response equated to 66% of 2peakOV  and supports the suggestion that performers on 

rowing ergometers are able to maintain an exercise intensity at RPE 15 (Marriott and 

Lamb, 1996) despite the difference in the environmental thermal conditions. The 

consistency of these physiological measures in different thermal environments is in 

contrast to recognised opinion on exercise in the heat (Casa, 1999) which would 

suggest that 2OV  and heart rate should increase similarly with the same increase in 

work intensity.  This assumes however, that intensity is fixed and isn’t able to fluctuate 

in response to biological mechanisms.  In self-paced exercise trials previous authors 

have identified a reduction in power output (intensity)  in order to maintain homeostasis 

(effort) which may be influenced by a number of biological mechanisms, furthermore 

that such a reduction may occur prior to changes in biological markers such as core 

temperature (Tucker et al., 2004).  The consistency seen in oxygen uptake and heart 

rate in the present study may be considered as evidence of participant’s ability to 

match intensity to effort, rather than effort to intensity; however it could also be 

considered that the similarity of these data may reflect the use of exercise intensity 

insufficient to produce significant challenges to cardiovascular system.  

 

Previous studies involving self-paced exercise have identified a reduction in effort prior 

to changes in core temperature (Tucker et al., 2006c, Tucker et al., 2004). The data 

from this study does not show a significant difference in dynamic core temperatures 

across the three conditions, which may also be a consequence of the relatively minor 

perturbation in temperature employed in this study.  However, it should be noted that in 

each of the studies which have demonstrated an anticipatory reduction in power output, 

participants were asked to complete a set amount of work in the quickest time possible.  
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Such protocols could be considered maximal self-paced trials, rather than the sub-

maximal self-paced exercise trial employed in the present study, in this context it 

becomes more apparent why differences in physiological variables in this study might 

have a lesser magnitude.  This presents an interesting dichotomy in which an 

anticipatory reduction is seen in maximal self-paced exercise but not in sub-maximal 

self-paced exercise, which may be of interest to future research. 

 

Average core temperature (Tc)  and mean skin temperatures in the present study were 

highest in the non-warmed trial, this reflects participants’ abilities to maximise thermal 

efficiency in the environment best able to remove heat, a finding which is in agreement 

with work by Saunders et al., (2005).  The heating of skin in the warmed condition, 

which artificially elevated Tsk, was perhaps also responsible for the suppression of Tc in 

the warming trial, as Tc and Tsk have been previously suggested to have an inverse 

relationship in order to maintain thermoneutrality (previously described by Huizenga et 

al., 2004).  In the presence of the changing thermal environment in the interval warmed 

condition the changing influence of these physiological parameters cannot be 

overlooked.  The work of Frank et al., (1999) has previously shown that skin 

temperature is as likely as core temperature to influence thermoregulatory behaviour in 

humans at rest.  Furthermore, Flouris and Cheung (2009) have shown that during 

10min of exercise participants selectively adopt a strategy in order to maintain 

thermoneutrality.  It is certainly plausible that the reduction in power output in the first 

warming period of the current study was in response to an unanticipated increase in 

skin temperature thus bringing about a behavioural change.  The practical application 

of this information is unclear, however it could be suggested that, based on this 

evidence, a strategy of early intervention may have a better chance of disrupting an 

opponent’s strategy than one introduced later in an exercise bout. 

 

Irrespective of condition, an end-spurt in power output at 80-85% can be observed in 

each of the three conditions.  The end-spurt, initially identified by Catalano (1973), and 

discussed in detail in Chapter 4, seems to be an integral part of self-paced exercise 

bouts, and in the current study, occurred at a similar time and to a similar amplitude in 

spite of different thermal conditions.  The mechanisms behind such a consistent 

behaviour clearly require a more detailed exploration, but it is suggested that an end-

spurt of effort may be a core component of any self-regulated multi-level pacing 

strategy. 
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6.7 Summary 

 

This study has demonstrated that over a 5000m time-trial participants were able to 

match an RPE 15 (hard) perceived effort despite different thermal conditions.  In an 

interval warming environment, participants in this study significantly reduced power 

output in response to an initial thermal challenge (p=0.03), the down-regulation of effort 

in a second period of warming was reduced to a magnitude which did not present a 

significant reduction in performance (p=0.10).  Significant correlations between 

physiological and performance responses were observed in the interval condition which 

were not apparent in the constant thermal conditions.  This ability to significantly alter a 

pacing plan during exercise without change to the overall outcome measures is 

evidence of the use of multi-level pacing plans during a bout of self-paced exercise; 

however the influence of changes may be contingent upon the period of the exercise 

bout in which they are applied. 
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Chapter Seven 

 

Comparison of self-paced and enforced-pace exercise protocols on the 

assessment of maximal oxygen uptake. 

 

7.0 Abstract 

 

The purpose of this study was to compare the performance and physiological 

responses of participants in a conventional protocol to assess of maximal oxygen 

uptake with a self-paced perceptually regulated protocol to assess peak oxygen 

uptake.  Ten male participants (age; 29 + 6 years) performed four maximal exercise 

trials in two different experimental conditions; 1) a conventional incremental exercise 

test to maximal exertion (Conv) and 2) a self-paced perceptually regulated incremental 

exercise test also to maximal exertion (SP). Each trial was randomly ordered.  In the 

conventional condition enforced increments of 25 watts per minute were applied until 

volitional exhaustion at an unknown endpoint.  In the self-paced condition participants 

increased intensity every 2min based upon RPE scores of 11, 13, 15,17 and 20, the 

experiment therefore ended after 10min with a final 2min stage at RPE 20; maximal 

exertion.  Peak oxygen uptake was similar across the 4 trials (p=0.523 to p=1.0, range; 

3ml∙kg-1∙min-1).  Peak power output was also similar in each trial (p=1.0, range; 8 

Watts). The only peak response to display a significant difference was the peak heart 

rate in Conv1 vs. SP2 (186 + 9 b∙min-1 vs. 178 + 10 b∙min-1; p=0.01).  Dynamic analysis 

revealed the time spent at an oxygen uptake similar to 2peakOV  was significantly longer 

in the conventional condition when compared with the self-paced condition (p<0.05) 

whilst measures of reliability revealed a lower coefficient of variation at 90-100% trial 

completion in the self paced condition when compared with the conventional condition.  

Subtle reductions in power output at RPE 17 and 20 also suggested the presence of 

energy-sparing behaviour in tests of maximal exertion unobservable in the conventional 

protocol. This study showed that a perceptually based maximal exercise test can match 

the physiological and performance responses of a conventional 2maxOV  test and could 

thus be used in multiple modalities.  Furthermore, the reduced variation in 2peakOV  in 

the self-paced condition and the observation of energy-sparing reductions in pace 

during the self-paced bouts suggest the influence of complex metabolic control which 

cannot be observed using conventional protocols. 
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7.1 Introduction 

 

The assessment of 2maxOV is perhaps the most common measure in exercise 

physiology (Howley et al., 1995).  Its origin dates back to the early work of A.V. Hill (Hill 

et al., 1924a, Hill et al., 1924b, Hill et al., 1924c) who challenged himself and his 

colleagues to run repeated laps of a 90m grass track observing that: 

“the oxygen intake attains a maximum value, which in athletic individuals of about 73 

kilograms bodyweight is strikingly constant (in the case of running) at about 4 litres per 

minute”. p 157 (Hill et al., 1924a) 

Since this pioneering work, high levels of oxygen uptake in a maximal exercise test 

have been shown to increase following aerobic training, and are considered a key 

marker of endurance capacity (McArdle et al., 2001).  It could be argued however, that 

the role of maximal oxygen uptake in exercise has now reached a position in which its 

importance has perhaps been overstated.  For example, whilst a high 2maxOV  is 

imperative in endurance exercise, as long as a ‘trained’ status is achieved, the 

relative/absolute value does not change dramatically year on year (Brooks et al., 

1996a, Clark et al., 2008). In addition, it is now commonly accepted that measures of 

blood lactate accumulation more closely reflect the training status of athletes than 

2maxOV  (Astrand et al., 2003, Edwards et al., 2003). 

 

A test to assess maximal oxygen uptake is an integral part of most exercise-based 

investigations as it provides a baseline description of participants’ characteristics 

(Winter, 2006).  However, the common use of secondary criteria to establish maximal 

oxygen uptake, such as those described by the British Association of Sport and 

Exercise Science (BASES) criteria (Bird and Davison, 1997), can lead to 

underestimation of 2maxOV  by as much as 27% (Poole et al., 2008).  In addition, the 

use of differing exercise modalities has also shown that the measurement of maximum 

oxygen uptake can vary by as much as 29% depending on the modality used in the 

protocol (Jensen and Katch, 1991, Bassett et al., 1984).  An inability to record similar 

values of 2OV  at maximum effort across multiple modalities and / or most commonly, a 

failure to demonstrate a 2OV  plateau has led to the use of potentially confusable terms 

such as 2peakOV and 2maxOV . 
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The use of the descriptive labels ‘peak’ and ‘maximal’ have both been previously 

applied to oxygen uptake responses in incremental exercise tests (Day et al., 2003, 

Whipp, 2010).  Traditionally, a peak oxygen uptake response defines the highest 

oxygen uptake observed in an exercise test in which a 2OV  plateau has not been 

observed (Day et al., 2003, Whipp, 2010).  In contrast, the descriptor of 2maxOV  is 

reserved for a test in which 2OV  demonstrates an increase of less than 2 ml∙kg-1∙min-1 

or 3% with a concomitant increase in exercise intensity, and in which some form of 

secondary criteria is met (Brooks et al., 1996a, Bird and Davison, 1997).  Together, 

these primary and secondary criteria are used to give confidence to the term 2maxOV .  

It has however been argued, that any exercise termed maximal cannot in theory be 

surpassed, and therefore must be followed by complete exhaustion (Noakes, 2008a).  

Since this is rarely the case in exercise tests, which are by their very nature only ever 

to ‘volitional exhaustion’, the term 2peakOV  is used by some authors to represent what 

others would term a maximal oxygen uptake (St Clair Gibson et al., 2001b, Baden et 

al., 2005).  The occasionally ambiguous use of the terms peak and max, combined with 

the philosophical suggestion that a truly maximal effort would elicit death, brings into 

question the term maximal oxygen uptake and consequentially the use of conventional 

methods used to elicit a 2maxOV  response in which researchers can have unequivocal 

confidence. 

 

In an effort to clarify the relevance of a 2OV  plateau during a maximal exercise test 

(discussed further in Chapter 2), recently a number of authors (Midgley and Carroll, 

2009, Rossiter et al., 2006, Snell et al., 2007, Poole et al., 2008) have developed the 

concept of a supra-maximal exercise test to confirm that a maximal measure has been 

achieved.  Supra-maximal testing involves the use a verification phase following an 

incremental exercise test in order to verify that a maximal response has been achieved, 

a concept originally described by Thoden (1991).  In short, participants would complete 

a conventional incremental exercise test, then, following 5-15min recovery, an 

additional run to exhaustion at an intensity one stage higher than that at which a 

maximal score had just been identified.  Should the 2peakOV  in the verification phase be 

less than 2% different than the 2maxOV  demonstrated in the incremental phase, it is 

suggested that researchers can be confident that a maximal 2OV  response has been 

achieved (Midgley et al., 2007b).  Whilst the concept of 2OV  verification is not without 

its merits the concept is still based upon the use of the conventional 2maxOV  exercise 

test which has itself demonstrated inconsistencies. 
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The conventional 2maxOV  test is used to assess individuals deemed capable of 

exercising to a maximal intensity, and most commonly comprises of a continuous 

incremental effort which requires participants to respond to an ever-increasing work 

rate.  Effort increases are applied often by stage or by ramp, dependent upon the 

requirements of the investigation; however common factors are those of an enforced 

exercise intensity, in an exercise bout to which participants do not know the endpoint, 

until fatigue.  These factors are all incongruent with a model of fatigue based on 

complex metabolic interaction (Noakes et al., 2005) in which no single physiological 

marker has been shown to bring about fatigue (Edwards and Noakes, 2009).  Indeed 

many of the previous measures of 2maxOV  are based on a peripheral model of fatigue 

in which the perception of effort and the pacing of an exercise bout plays no part.  This 

inability to fluctuate the pace of an exercise bout or know the endpoint of the bout is in 

opposition to a complex model of fatigue (Noakes, 2008b).  In light of advances in the 

understanding of fatigue, the strength and relevance of conventional measures of 

2maxOV  in exercise testing may once again be questioned (Hawley and Noakes, 1992). 

 

Relatively limited attention has been given to the psychophysiological components 

associated with the determination of 2maxOV  (Midgley et al., 2007b) and whilst 

methods of sub-maximal prediction of 2maxOV  based on perceptually regulated scales 

have previously been described (Lambrick et al., 2009), to-date, no-one has attempted 

to validate a perceptually based maximal oxygen uptake test.  The recent study by 

Lambrick et al., used data from an incremental sub-maximal exercise test to predict 

2maxOV  at RPE 19 and 20, these predictions where then correlated with a 2maxOV  

response elicited by a conventional max test on a separate occasion.  Using a 

treadmill, participants were asked to complete an incremental step test in which the 

steps were linked to conventional increases and then adjusted to match a 

predetermined RPE.  The authors found that this protocol was capable of predicting an 

accurate 2maxOV  as measured using the conventional test, but also found that the 

extrapolated prediction for 2OV  at RPE 19 was a better predictor of a peak value than 

that of the 2OV  at RPE 20.  Their work provides support for the concept that an 

absolute maximal 2OV  response cannot be elicited in a volitional exercise trial.  But 

this is tempered by the design of protocol which still has large reliance on the enforced 

imposition of pace. 
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The concept of pacing is paramount to successful production of any maximal effort.  

When considered alongside the suggestion that pacing may be related to anticipation 

of an effort yet to come (Ulmer, 1996, St Clair Gibson et al., 2006), and that knowledge 

of an exercise performance end point may influence pacing (Tucker, 2009), it seems 

plausible that a conventional exercise test may not represent the best way to elicit a 

maximal exercise response.  Chapter 6 of this thesis demonstrated that sub-maximal 

self-paced exercise presents a reduced metabolic challenge when compared with 

matched intensity enforced pace exercise (Lander et al., 2009).  Furthermore, the 

design of the conventional maximal exercise test prevents the participant from utilising 

any anticipation of the exercise end point, on either a scalar or chronologically based 

judgment. 

 

If exercise were grouped as either enforced paced or self-paced, the majority of 

exercise, be it recreational training or race performance, would most likely be 

considered self-paced, and with a relatively familiar or known endpoint.  Self-paced 

exercise has been shown to demonstrate non-random fluctuations in power output 

which have been proposed to represent physiological responses governed by a 

complex metabolic control system (Tucker et al., 2006a).  The fluctuations seen in self-

paced exercise are thought to up- and down-regulate work done in order to defend 

against homeostatic imbalance.  It is thought that certain perturbations in metabolic 

measures are tolerated in the context of an overall performance, which is mapped 

against an anticipated experience and expressed through conscious perceptions of 

fatigue (Edwards and Noakes, 2009).  A perceptually based maximal exercise test with 

a known exercise endpoint would provide participants with the opportunity to vary pace 

throughout an exercise trial, and to use the teleoanticipatory mechanisms, described by 

recent authors, as fundamental to the complex control of physiology during exercise to 

fatigue (St Clair Gibson et al., 2006).  But, as yet, such an exercise protocol has not 

been described. 

 

This study was therefore designed to investigate and attempt to validate a perceptually 

regulated maximal test which was proposed to result in similar levels of peak oxygen 

uptake when compared with responses from a conventional 2maxOV  test. 
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7.2 Purpose of the study 

 

The purpose of this study was to compare performance and physiological responses of 

participants to a conventional test of maximal oxygen uptake (Conv) with a self-paced, 

perceptually regulated test of peak oxygen uptake (SP). 

 

 

7.3 Aims of the study 

 

To validate a self-paced, perceptually regulated test of peak oxygen uptake. 

 

To compare physiological responses in a perceptually based maximal exercise test to 

those of a conventional maximal exercise test. 

 

To compare performance responses in a perceptually based maximal exercise test to 

those of a conventional maximal exercise test. 

 

 

7.4 Methodology 

 

7.4.1 Participants 

Ten healthy, well-trained male participants agreed to take part in this study (Table 7.1). 

All were informed of the procedures in advance and informed consent was provided 

prior to any data collection. The study was approved by the Central Regional Ethics 

Committee of New Zealand and from the Faculty Research Ethics Committee at Leeds 

Metropolitan University.  All participants were recreational gymnasium users and each 

received technical advice from a qualified rowing coach on using the rowing ergometer 

during a two-week familiarisation period.  

 

Table 7.1 Anthropometric characteristics of the study participants. 

 

 Anthropometric Characteristics 

 

Height 

(m) 

Weight 

(kg) 

Age 

(years) 

Mean ± SD 1.80 ± 0.05 81.86 ± 13.06 29 ± 6 
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7.4.2 Participant screening and familiarisation 

Participant screening and familiarisation followed the pattern described in Chapter 3 

General Methods. 

 

7.4.3 Preliminary testing 

All participants performed a standardised 10min familiarisation trial which consisted of 

a four stage incremental protocol which was subsequently used as a standardised 

priming exercise in each of the conditions and is described in detail in Chapter 3 

General Methods. 

 

7.4.4 Experimental procedures 

Each participant completed four maximal bouts of rowing in two different experimental 

conditions in an individually randomised order. In condition one (Conv) participants 

completed an incremental exercise test to maximal exertion.  In condition two (SP) 

participants completed a novel self-paced perceptually regulated incremental exercise 

test also to maximal exertion.  For the purposes of reliability and validity, both trials 

were repeated in a randomised order. 

 

Condition one consisted of an incremental step test to volitional exhaustion on a 

Concept 2 rowing ergometer (Model D: Concept 2, Tauranga, NZ) for the determination 

of peak aerobic power ( 2peakOV ). Oxygen uptake (Cortex MetaMax 3B, Cortex 

Biophysik, Leipzig, Germany) and power output (RowPro v2.006 software. Digital 

Rowing, Boston, MA, USA) were continuously monitored stroke-to-stroke. Power 

output was visible via the Concept 2 display unit at all times.  Initial exercise intensity 

was set at 150 Watts for 3min then increased each minute in 25 Watts increments until 

volitional exhaustion, or an inability to maintain the required power output was reached.  

This protocol has previously been described by Smith (2000) and is used in 

assessments by Rowing New Zealand. 

 

Condition two also consisted of an incremental exercise test to volitional exhaustion, 

however the intensity at each stage was set by a rate of perceived exertion (RPE) 

rather than by an externally imposed target power output.  At the beginning of the trial, 

participants were told to start at an RPE of 11 (Light) and increase their intensity by 2 

RPE points every 2min, such that the final 2min were at RPE 20 (Maximal exertion). 

Stage intensities were therefore RPE 11, 13, 15, 17 and 20.  A final increment of 3 

RPE points was used as pilot study data had identified that the difference between 

RPE 19 and 20 was not sufficient to observe meaningful differences in exertion levels.  
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Pilot study data also identified that 1min stages were not sufficient for participants to 

feel comfortable at having replicated a given intensity, before having to increase effort 

again to progress to the following stage, 2min stages were therefore used. 

No visual feedback in the form of power output was provided in this condition to ensure 

participants self-paced, however participants were made aware of the total exercise 

duration and were regularly made aware of the stages remaining to exercise endpoint.  

In addition, an RPE chart was visible to participants throughout the trial for participants’ 

reference. 

 

Exercise trials were held at the same time of the day on each of the four occasions to 

avoid potential diurnal variations, and were each separated by approximately one 

week. Participants were instructed to refrain from additional organised physical activity 

during the testing period and to maintain habitual exercise routines. Ambient laboratory 

temperature was standardised at 18˚C across all tests while relative humidity remained 

consistent (35-45%).  All participants consumed a beverage of water 2 hours before the 

start of the test (5 ml∙kg-1∙min-1) to ensure comparable levels of euhydration between 

participants and condition (Montain and Coyle, 1992).  All participants were positively 

encouraged, and regularly reminded to maintain the required intensity throughout the 

trial. (Figure 7.1). 
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Figure 7.1 A diagrammatic representation of the self-paced and conventional exercise 

protocols. 
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7.4.5 Oxygen uptake, heart rate and power output measurement 

Oxygen uptake, heart rate and power output measurements followed the pattern 

described in Chapter 3 General Methods. 

 

In brief: Oxygen uptake was continuously recorded breath-by-breath (Cortex MetaMax 

3B, Cortex Biophysik, Leipzig, Germany).  Whole blood capillary samples were drawn 

from the finger tip prior to exercise and at the immediate cessation of time-trial 

performances for the analysis of blood lactate (BLa) concentration (Lactate Pro, Akray 

Inc, Kyoto, Japan).  Heart rates (HR) were continuously recorded (S610i, Polar, 

Kempele, Finland).  Stroke-to-stroke power output was assessed using the RowPro 

v2.006 software (Digital Rowing, Boston, MA, USA) in conjunction with the Concept 2 

interface. 

 

7.4.6 Calibration procedures 

Calibration procedures followed the pattern described in Chapter 3 General Methods. 

 

In brief: Prior to each exercise trial the Cortex Metamax portable online gas analysis 

system was calibrated using a certified mixture of gases (15% O2 5%, CO2 stored with 

a N2 balance).  The digital volume transducer was calibrated using a certified 3L 

syringe with an equivalent of 5 inspirations and expirations.  Drag factor for the 

ergometer was set to 130 10-6 N·m·s2 prior to any data recording. 

 

7.4.7 Data analysis 

Peak values of oxygen uptake, heart rate and power output were individually identified 

according to BASES guidelines (Bird and Davison, 1997).  In order to assess dynamic 

variations the data was transformed into 30s measures to reduce data noise and create 

comparable measurement intervals.  Due to variations in the time to complete each trial 

the bout was considered as 100% and measures were then time aligned and batched 

into 5% bout means for each outcome measurement.  

 

7.4.8 Statistical analysis 

The statistical software packages SPSS (version 11.0, SPSS, Chicago, IL, USA) and 

Graphpad Prism (version 4, GraphPad Software Inc, La Jolla, CA, USA) were used for 

all statistical analysis.  Results were assessed for normal distribution then statistically 

compared using one-way repeated measures analyses of variance (ANOVA) with post-

hoc Bonferroni correction statistics.  Other comparisons were made using paired 

Student’s t-tests. Probability values of less than 0.05 were considered significant. All 

results are expressed in means  SD. 
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A number of measures of reliability were used as advocated by Atkinson and Nevill 

(1998).  Pearson product moment correlations were used to calculate r values.  Intra- 

class coefficients (icc) were calculated using the formula previously described by Bland 

(2004b) to provide another measure of the consistency of measures.  Coefficients of 

variation (CV) were also calculated using the formula previously described by Hopkins 

(2010) to provide a measure of percentage variation seen in the final stage of each 

trial. Limits of Agreement (LoA), promoted by Bland and Altman (2010) are also 

reported once corrected for degrees of freedom as recommended by Hopkins (2000). 

 

 

7.5 Results 

 

Peak 2OV  was similar across the 4 trials with a range of 3 ml∙kg-1∙min-1 across the 4 

bouts (range: 52 + 11 to 55 + 12 ml∙kg-1∙min-1) as shown in Table 7.2 and Figure 7.2. 

Peak power output and peak heart rate were also statistically similar across the 4 bouts 

(ranging from p=0.098 to p=1.0).  The only peak measure to reach a statistically 

significant difference of p<0.05 was the comparison between the heart rate seen in 

Conv1 and SP2; the average values in these trials were 186 + 9 in Conv1 and 178 + 10 

b∙min-1 in SP2 (p=0.01 ). 

 

Values of peak 2OV , peak power and peak heart rate taken over stationary 5s 

averages can be found in Table 7.2 along with post exercise blood lactate values and a 

record of ventilatory threshold and respiratory exchange ratio at 2peakOV . 

 

Table 7.2 Performance and physiological responses in four experimental trials. 

 

 PPO 
2peakOV  HR peak BLa post Tvent RER 

 (Watts) (ml∙kg
-1

∙min
-1

) (b∙min
-1

) (mmol∙L
-1

) (% 2peakOV ) (@ 2peakOV ) 

SP1 320 + 34 52 + 11 181 + 10 12.7 + 3.3 75 + 9 1.35 + 0.09 

SP2 328 + 36 54 + 10 178 + 10 11.2 + 3.7 72 + 5 1.30 + 0.11 

Conv1 325 + 25 55 + 12 186 + 9 13.0 + 3.2 78 + 9 1.33 + 0.07 

Conv2 324 + 19 54 + 11 181 + 9 12.4 + 3.1 78 + 7 1.32 + 0.08 
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Post exercise blood lactate responses were shown to be similar across the 4 trials 

(p=0.109-1.0) and whilst trials were randomly assigned, and no learning effect was 

demonstrated, it is interesting to note a tendency for BLa and peak heart rate to be 

lower in the second trial than in the first in both the self-paced and conventionally 

paced maximal conditions.  p values for all statistical comparisons seen in Table 7.2 

can be found in Table 7.2a. 

 

Table 7.2a p values for mean performance and physiological responses in four 

experimental trials. 

 

PPO  
2peakOV  

 SP1 SP2 Conv1   SP1 SP2 Conv1 

SP2 1.0    SP2 1.0   

Conv1 1.0 1.0   Conv1 0.523 1.0  

Conv2 1.0 1.0 1.0  Conv2 1.0 1.0 1.0 

 

HR peak  BLa post 

 SP1 SP2 Conv1   SP1 SP2 Conv1 

SP2 0.988    SP2 1.0   

Conv1 0.098 0.001*   Conv1 1.0 0.109  

Conv2 1.0 0.798 0.221  Conv2 1.0 1.0 1.0 

 

Tvent  RER 

 SP1 SP2 Conv1   SP1 SP2 Conv1 

SP2 1.0    SP2 1.0   

Conv1 0.876 1.0   Conv1 1.0 1.0  

Conv2 0.247 0.080 0.434  Conv2 1.0 1.0 1.0 

* = p<0.05. 

 



 

 129 

 

 

 

 

0

5

10

15

20

25

30

35

40

45

50

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Trial %

R
e
la

ti
v

e
 O

x
y

g
e

n
 U

p
ta

k
e

 (
m

l∙
k

g
-1

∙m
in

-1
)

SP1 VO2 SP2 VO2 Conv1 VO2 Conv2 VO2

RPE 15RPE 11 RPE 13 RPE 17 RPE 20

‡‡ ‡ ‡‡

No Difference Conv VO2 100%

No Difference SP VO2 100%

‡ Conv sig diff from SP2

 

‡ Conventional trials significantly different from SP2. 

 

Figure 7.2 Relative oxygen uptake responses in four trials expressed as a function of 

percentage trial completed. 

 

Post-hoc testing showed that the peak 2OV  in the self-paced trials was not significantly 

different from 2OV  values from 70% trial completion onwards (p>0.05). However, peak 

2OV  in the conventional trials was statistically similar from 60% trial completion 

onwards.  The similarity of these data can be accounted for in the variability of 

individual performance responses as recorded in the standard deviation of scores as 

shown in Table 7.2.  For example the standard deviation of 2peakOV  in the SP1 trial of 

11ml∙kg-1∙min-1 represents a variation of 21% above or below the mean value of 

52ml∙kg-1∙min-1. 
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Figure 7.3 Power output responses in four trials expressed as a function of percentage 

trial completed. 

 

Power output also expressed a similar pattern to that of 2OV , with participants 

spending 10% less of the condition at a power output similar to peak power output in 

the self-paced bouts compared to that in the conventional bouts (Figure 7.4).  

Power output in the self-paced trials was not significantly different at RPE 20 (SP1 vs. 

SP2 from 90-100% trial completion), however it was significantly higher than power 

output at RPE 17 (70-85% trial completion) (Figure 7.3). 

 

Pearson product moment correlations, shown in Table 7.3, reveal significant 

correlations between the peak power output in the SP1 trial and all other trials (r=0.79-

0.82 p<0.01). 2peakOV  was also well correlated across the 4 trials.  SP1 was correlated 

with SP2 with an r value of 0.93 and with r values of 0.91 in Conv1 and Conv2 trials. 
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Table 7.3 Measures of reliability in four experimental trials (Pearson product moment 

correlations). 

 

PPO  
2peakOV  

 SP1 SP2 Conv1   SP1 SP2 Conv1 

SP1     SP1    

SP2 0.89 ‡    SP2 0.93 ‡   

Conv1 0.69 * 0.79 ‡   Conv1 0.91 ‡ 0.93 ‡  

Conv2 0.81 ‡ 0.75 * 0.67 *  Conv2 0.91 ‡ 0.91 ‡ 0.90 ‡ 

* =p<0.05. ‡ =p<0.01. 

 

Intra-class correlation coefficients demonstrate the reliability of these findings with 

correlations of no less than 0.97 across all peak responses in all bouts.  The best test-

retest reliability was seen in 2OV  peak with an icc of 0.999.  All icc’s along with upper 

and lower limits of agreement are shown in Table 7.4. 

 

Table 7.4 Measures of reliability in two experimental conditions 

(Intra-class correlation coefficients and Limits of Agreement). 

 

 PPO 2peakOV  HR peak BLa post Tvent RER 

 (Watts) (ml∙kg
-1

∙min
-1

) (b∙min
-1

) (mmol∙L
-1

) (% 2peakOV ) (@ 2peakOV ) 

icc 0.972 0.999 0.999 0.996 0.999 0.998 

 U L U L U L U L U L U L 

LoA 55 -54 12 -9 16 -8 9 -7 18 -21 0.2 -0.2 

icc; Intra-class correlation coefficient.  LoA; Upper and Lower Limits of Agreement. 

 

Measures of heart rate, 2OV , and power output were not significantly different across 

all 4 bouts in the final 10% (90-100%) of trial completion.  Therefore coefficients of 

variation from 90-100% trial completion were calculated to further demonstrate the 

reliability in the primary purpose of this protocol.  The lowest coefficient of variation in 

the final 10% of trial was observed in the 2OV  in the self-paced condition (CV=0.54%) 

whilst the highest was observed in the self-paced power output (CV=3.51%) (Table 

7.5). 



 

 132 

Table 7.5 Measures of reliability in two experimental conditions 

(Coefficients of Variation from 90-100% trial completion). 

 

 Power Output Relative 2OV  HR 

Self-Paced 

condition 
3.51 % 0.54 % 0.65 % 

Conventional 

condition 
1.69 % 0.99 % 0.78 % 

 

A number of statistical measures have been cited in order to provide the reader with 

demonstrable confidence in the reliability of these research findings (Atkinson and 

Nevill, 1998). 

 

 

7.6 Discussion 

 

This study shows that a perceptually based exercise maximal test can match the 

physiological and performance responses of a conventional 2maxOV  test.  2peakOV  was 

shown to be statistically similar across all 4 trials with a range of only 3 ml∙kg-1∙min-1 (or 

5%) in average 2peakOV . The traditional measurement of maximal oxygen uptake is an 

integral part of most exercise-based experiments (Winter, 2006), however this is the 

first study to describe a perceptually rated maximal exercise test in which participants 

can self-pace, which can be easily adapted to multiple exercise modalities, and which 

fits better with a model of complex metabolic control (Noakes, 2008b). 

 

Previous research by Poole et al., (2008) has shown that 2maxOV  can be 

underestimated by as much as 27% through the use of secondary criteria in a 

conventional 2maxOV  test.  In their study Poole et al., measured 2maxOV  in a ramp 

protocol and then calculated when 2maxOV   might have been achieved had traditional 

secondary markers been applied.  Using these secondary criteria the authors showed 

that an RER of 1.10 could be demonstrated at an intensity which would elicit only 73% 

of a true 2maxOV  response.  The application of other criteria associated with a 2maxOV  

would have resulted in the rejection of 3 of 8 participants (HRmax +10 b∙min-1) whilst 

the use of blood lactate criteria (>8 mmol∙L-1) would have excluded 5 of 8 of the 

participants from the final analysis.  The Poole et al., study did not include the criterion 

of RPE 19-20, however given the variation in other secondary criteria it may be 
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postulated that not all of the 8 participants would have achieved this either.  These 

findings suggest distinct flaws in the use of secondary criteria which have the potential 

to bring about both intra- and inter-participant variability.  The design of the self-paced 

protocol used in the current study reduces the potential for intra-participant variability in 

maximal responses by encouraging them to work toward their perceived maximum in 

every bout, a criteria sometimes uncommon in the reporting of peak 2OV  trials 

(Faulkner and Eston, 2008). 

 

All trials in this study demonstrated excellent reliability in the performance measures 

which were the primary purpose of the experiment. A coefficient of variation of 0.54% 

was found in the 2OV  responses from 90-100% trial in the self-paced condition 

compared with 0.99% in the conventional condition, whilst peak heart rate 

demonstrated a CV of 0.65% in the self-paced condition and 0.78% in the conventional 

condition.  Coefficient of variation was not significantly different between the two 

conditions, and reliability in the findings was further supported by icc’s of 0.972 in PPO 

to 0.999 in 2peakOV  and HR peak.  The strong reliability in these measures suggests 

that the self-paced protocol may reduce the intra-participant variability seen in 

conventional studies, allowing researchers to invest greater confidence that they have 

recorded a participant’s maximal effort. 

 

Value in this self-paced protocol may additionally be found in the potential of its 

application in multiple modalities.  Jensen and Katch (1991) have previously shown 

that 2maxOV  in rowing exercise can vary by as much as 29% when compared with 

oxygen uptake response on a treadmill.  Although the familiarity of an exercise medium 

may have a role in these differences, so too will the protocol employed (Howley et al., 

1995).  The variance of 5% in the 2peakOV  values exhibited in the present study has 

parity with the findings of other investigations of 2maxOV , however the design of this 

self-paced perceptually based exercise test presents an additional opportunity for the 

same protocol to be applied in multiple exercise modalities, a characteristic much less 

accessible in conventional designs, which are commonly based upon power outputs 

and which may differ across modalities.  

 

Comparisons of peak power output in this study revealed no significant differences 

between the 4 trials.  In previous studies, peak power output in conventional maximal 

exercise tests has been demonstrated as comprising of 92-94% of the variance seen in 

peak oxygen uptake (Hawley and Noakes, 1992, Storer et al., 1990).  This suggests 
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that the majority of the 2peakOV  is determined by peak power output, and in a 

conventional design where both factors increase linearly, this may be the case.  

However the staged increase in power output used in the self-paced trials of the 

current study showed power output to be significantly lower than peak power output 

from 70-85% trial completion and similar to peak power output from 90-100% trial 

completion.  Despite this, peak oxygen uptake was statistically similar from 70-100% 

trial completion.  Whilst this finding does not refute the work of Hawley and Noakes, it 

does imply that the relationship between peak power output and peak oxygen uptake 

may not be as linear as previously suggested when compared under self-paced 

conditions.  This finding is of particular significance to the paper by Hawley and 

Noakes, as the authors went on to advocate the use of the relationship between 

2peakOV  and PPO to predict performance in a self-paced maximal time-trial.  Indeed 

following the recent increase in the use of self-paced protocols (Hettinga et al., 2006b, 

Mauger et al., 2010b, Tucker et al., 2006c) the findings of this study justify the use of 

peak values taken from conventional 2maxOV  tests, but urge caution in the use of 

values from conventional protocols to identify sub-maximal self-paced intensities. 

 

The non-linear increase in power output and oxygen uptake at RPE 15 and beyond in 

the self-paced protocol is in contrast with the responses in the conventional 2maxOV  

protocol, and with the design of the Borg scale itself.  This observation may be a 

consequence of the contrasting measurement intervals used in the conventional 

(increments every 1min) and self-paced conditions (increments every 2min) but it could 

also be considered that factors such as motivation or experience of maximal exercise 

intensities may cause participants to hold back at sub-maximal intensities in order to 

pace their performance to achieve a maximal effort at the end of protocol.  The impact 

of motivation and experience on psychobiological factors in exercise has previously 

been demonstrated (Wright, 1996) the impact of motivation and measurement intervals 

on this novel protocol may however warrant further investigation. 

 

The ability of participants to identify an exercise end point has been previously 

suggested to be the most important factor that influences the pacing of a bout of 

exercise (St Clair Gibson et al., 2006) in which increases in physiological measures are 

tolerated in comparison to a pre-planned pacing strategy (St Clair Gibson et al., 2006, 

Tucker, 2009).  However the conventional test of 2maxOV  requires participants to 

respond to an ever increasing workload without a chronological or scalar guide to 

exercise endpoint.  This practice is incongruent with the majority of exercise 

participation, and further, with a model of fatigue in which the knowledge of an exercise 
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end point is integral to the ability to pace an exercise bout and to maximise 

performance.  Previous authors have questioned the use of exercise tests without a 

‘known endpoint’ in the investigation of endurance performance (Krebs and Powers, 

1989, Jeukendrup et al., 1996) indeed the use of time-trial protocols over those without 

a known endpoint (i.e. trials to exhaustion) have, for some time, been considered more 

reliable (Jeukendrup and Currell, 2005), it is surprising therefore, that this study is the 

first to validate an exercise test to measure peak oxygen uptake based on a known 

endpoint. 

 

The reliability of the 2OV  measures from 90-100% trial completion (as described by 

the coefficient of variation) was 0.54% in the self-paced condition and 0.99% in the 

conventional condition, indicating that the final stages of the self-paced condition were 

less variable than those of the conventional 2peakOV  protocol.  This is further evidenced 

by a lower coefficient of variation in the peak heart rate in the SP condition (0.65% SP 

vs. 0.77% Conv).  The reduced variation seen in physiological markers ( 2OV  HR) from 

90-100% trial completion in the self-paced condition of the present study may be 

considered to represent an accepted tolerance of the physiological stress.  Conversely 

the variation of measures at 90-100% trial completion in the conventional condition are 

lowest in power output, or performance measures, signalling that in a conventional test, 

power output may be the primary consideration.  Whilst both conditions required a peak 

effort, participants appear to have placed greater emphasis on maintaining power 

output, to the detriment of variance in oxygen uptake in the conventional condition.  

However in the self-paced condition, the reduced variation of physiological measures 

appears to be the factor of greater weighting.  In a protocol which is designed to 

measure a maximal physiological response, this clearly has important implications for 

future assessments designed to elicit maximal physiological responses. 

 

The decrement in power output observed over the 2min RPE 20 stage in the self-paced 

condition in this study, although not statistically significant, does suggest that, at least 

at the higher levels of perceived exertion, 2min stages may be too long to maintain a 

maximal effort.  Eston et al., (2006) have previously utilised 2min stages in a 

perceptually based study, in which participants were asked to complete a graded 

exercise test and then return on a subsequent occasion and reproduce the same 

wattage based on the RPE rating from the earlier trial.  However their study did not 

require participants to work to an RPE of 20.  Historically 2min stages have previously 

been important in exercise testing in order to achieve steady state 2OV , to 

demonstrate a plateau in 2OV , and in order to facilitate the sheer mechanics of gas 
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collection using the Douglas bag method.  With the advent of breath-by-breath 2OV  

measures, it has been demonstrated that 2maxOV  scores can be reliably estimated 

using averages of less than 30s (Midgley et al., 2007a). Indeed, the use of longer time 

averages has the potential to result in significantly lower 2OV  max values (Astorino, 

2009, Johnson et al., 1998).  Furthermore the development of other methods of 

demonstrating a 2peakOV , such as supra-maximal testing as advocated by Midgley and 

Carroll (2009), mean there is increasingly less of a requirement to ask participants to 

maintain their peak effort for the sort of time frame that now equates to longer than a 

world record 800m athletic performance (International Association of Athletics 

Federations, 2010).  Thus, whilst the use of stages of two minutes or longer may be 

appropriate for measures other than that of peak oxygen uptake, this study suggests 

that in a self-paced maximal exercise bout, subjects are unlikely to maintain the same 

power output throughout the duration of that stage. 

 

Other perception based exercise tests in order to predict 2peakOV ,  have previously 

been described (Eston et al., 2006, Faulkner et al., 2007), but this study goes further by 

actually measuring 2peakOV , and moreover by allowing participants to set their own 

pace in the exercise stages rather than increasing effort by a fixed parameter then 

asking participants to engage in a bidding process in order to fine tune intensity to a 

designated RPE, a protocol which seems unlikely to elicit a true RPE score.  The use 

of rate of perceived exertion in exercise tests has recently enjoyed a growth in 

popularity (Duffield et al., 2010, Tucker and Noakes, 2009, Schabort et al., 1998, Kay 

et al., 1999).  If, as this study shows, a perception based exercise test can be used to 

replicate the responses seen in a maximal exercise test, its ease of use and versatility 

across multiple exercise modalities may put pay to the variation previously seen in 

2maxOV  in multiple modalities (Bassett et al., 1984, Jensen and Katch, 1991).  

Furthermore, such a test is less likely to be impacted upon by a participant’s familiarity 

with what stage of an enforced pace trial is really a maximal effort, or when to signal 

that they have one more minute of maximal effort left; both of which are factors that 

have been previously acknowledged as bringing variability to true maximal score 

(Thoden, 1991).  

 

In addition to the convenience of a perceptually regulated test for peak oxygen 

consumption, it may be that this protocol brings about a reduced metabolic disturbance 

when compared to the conventional protocol.  The proposition that self-paced exercise 

represents a reduced metabolic demand when compared to a matched intensity 
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directed pace effort is discussed in Chapter 4 of this thesis, this proposal is further 

strengthened by the observation in this study of a reduced time spent at a 2OV  similar 

to 2peakOV  in the self-paced condition when compared with the conventional condition.  

In the self-paced condition 2OV  at 65% trial completion was significantly lower than 

the 2peakOV  responses.  However in the conventional condition 2OV  was statistically 

similar to that of 2peakOV  from 60% trial completion.  This suggested that in the self-

paced test although similar 2peakOV , peak HR and peak power outputs were observed, 

the participants had to spend less time working at a 2OV  similar to that of peak.  This 

finding should be of interest to any researcher or coach as it suggests that the use of a 

self-paced maximal exercise test creates a reduced metabolic disturbance and thus is 

likely to impact less on training or other commitments than that of a conventional 

maximal exercise measure.  

 

An interesting, and unexpected gradual reduction in power output was seen in self-

paced condition at RPE 17, which appears without a concomitant reduction in 2OV .  

This may be considered a result of the pacing plan which allows performers to 

complete an exercise bout without a catastrophic failure of systems (Edwards and 

Noakes, 2009).  Numerous previous authors (Billaut et al., 2010, Catalano, 1974a, 

Tucker et al., 2006b) have now identified end-spurts in advance of trial completion, and 

it has been suggested to be related to a method of teleoanticipation of the effort yet to 

come as part of complex metabolic control or a multi-level pacing plan.  In this study 

the reduction in power output prior to a maximal effort certainly fits such a method of 

explanation.  The gradual reduction of power output at this intensity is not significant, 

nor is it matched by reductions in heart rate or 2OV , furthermore previous studies do 

not support a suggestion that athletes are not able to match intensity at RPE 17 

(Marriott and Lamb, 1996).  It may therefore be considered that this reduction is 

evidence of some sort of energy-sparing behaviour in preparation for an anticipated 

maximal effort.  An energy-sparing practice such as this cannot be observed in a 

conventional maximal trial, which has little ecological validity to real racing, as such the 

observation of this energy-sparing behaviour in a 10min trial is in itself also worthy of 

further investigation and greater evidence of a mechanism which is capable of 

feedforward anticipation of an effort yet to come.  

 

Finally, the proposal of any novel protocol would not be complete without a 

demonstration of its reproducibility.  Work by Schabort et al., (1998) has demonstrated 

that a 1hr self-paced time-trial run can be reproduced with a CV of 2.7% and icc of 
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0.90.  The current study has parity with these findings demonstrating a CV 0.54% and 

of icc of 0.999 in measures of 2peakOV .  Whilst debate over the validity of 2peakOV  

testing will continue  (Hawley et al., 1994, Midgley et al., 2007b, Whipp, 2010), this 

study demonstrates that a reliable peak can be identified using a perceptually-based 

self-paced test, and that this may represent a less variable measure than the 

conventional tests of 2peakOV .  Furthermore, this study introduces a reliable valid 

protocol that fits with a model of fatigue in which the effort yet to come is identified, and 

a protocol in which the disturbance to homeostasis is tolerated on the terms of the 

participant and not on the terms of the investigator. 

 

 

7.7 Summary 

 

In summary, this study shows that a self-paced 2peakOV  does not significantly differ 

from a traditional 2maxOV  test (p>0.05).  Similarity was observed between the peak 

responses in repeated conventional and self-paced trials supported by high intra-class 

correlation coefficients and low coefficients of variation. This work presents a protocol 

which can be applied across multiple modalities, additionally it provides evidence of 

trends toward an inability to maintain a maximal self-paced effort for two minutes, and 

of a subtle reduction in power output prior to a maximal perceived exertion.  Further 

research using self-paced maximal protocols is required to elucidate the effects of a 

self-paced protocol in multiple modalities, however findings from this study suggest 

there is a reliable perceptually regulated alternative to the use of the conventional 

enforced-pace test of maximal oxygen uptake. 
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Chapter 8 

 

General Discussion 

 

The purpose of this thesis was to investigate the role of pacing in the development of 

fatigue through four studies which examined the impact of environmental and protocol 

manipulations, and evaluated the role of an ability to fluctuate pace during exercise at 

sub-maximal and maximal intensities.  This Chapter brings together the collective 

findings of the previous Chapters to identify limitations of the thesis, draw conclusions 

based upon the preceding Chapters, and to provide directions for future research. 

 

 

8.1 General discussion 

 

This thesis was designed to bring together the concepts of pacing and fatigue by 

comparing the physiological and performance responses of self-paced and enforced-

pace exercise on the development of fatigue.  The term fatigue has previously been 

poorly defined, and the concept of pacing has remained a relatively undeveloped area 

of exercise physiology until recently, perhaps because of the incongruence of 

fluctuations in pace and conventional models of fatigue.  Self-paced exercise bouts are 

known to demonstrate considerable intra-trial fluctuations of power output (Tucker et 

al., 2006a), and it is unlikely that these are simply due to random misjudgements of 

pace.  It is probable that these fluctuations of power output are important behavioural 

responses during exercise at times when homeostasis is challenged, and form part of a 

mechanism of complex metabolic control which serves to regulate intensity during 

exercise (St Clair Gibson et al., 2006).  The fluctuations observed during self-paced 

exercise have been suggested to form part of a multi-level pacing plan which is 

primarily devised to avoid a catastrophic failure of systems, but which allows altered 

levels of disturbance to homeostasis based upon set points and an anticipation of the 

effort yet to come (Edwards and Noakes, 2009).  

 

By considering the influence of complex metabolic control on pacing and fatigue, this 

thesis has demonstrated key differences between self-paced and enforced-pace 

exercise trials in both sub-maximal and maximal exercise conditions; furthermore it has 

identified condition-specific altered pacing responses, which appear to form part of a 

multi-level pacing plan. 
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8.2 Limitations of the thesis 

 

The construction of the aims, experimental design, and procedures used in this thesis 

were based on scientific methodology and peer-reviewed articles discussed in previous 

Chapters.  Specific limitations of this work were identified in each of the preceding 

Chapters; however the following shortcomings are more generally applicable. 

 

Since commencing this thesis in 2006 the investigation of pacing and fatigue has 

enjoyed an increase in publications from authors based in research groups from 

around the world (Hettinga et al., 2011, Mauger et al., 2010a, Edwards et al., 2011, 

Tucker and Noakes, 2009, Abbiss and Laursen, 2008).  Such developments in the field 

have enlightened the area of pacing and fatigue and now provide evidence of 

limitations to this thesis which were previously unobserved at the start of this 

investigation. 

 

One notable limitation is brought about by the development of supra-maximal testing to 

identify and validate a true 2maxOV  (Midgley et al., 2009, Midgley and Carroll, 2009, 

Snell et al., 2007).  This development influences the findings from Chapters 4 and 7 of 

this thesis which both incorporate measures of maximal effort within their protocol and 

discussion.  Developments in the use of this 2maxOV  validation technique have been 

incorporated into the review of literature, but were not sufficiently advanced to have 

been included in study designs.  As discussed in the review of literature (Chapter 2), 

supra-maximal testing is still based upon a peripheral model of fatigue in which the 

participant needs no knowledge of the exercise endpoint, and during which the only 

way a participant can influence exercise intensity is to stop exercising. These concepts 

are incongruent with investigations of pacing in which an endpoint, and a perception of 

the effort yet to come, are considered influential upon the exercise intensity and 

transient feelings of fatigue.  The incorporation of supra-maximal testing may have 

provided additional confidence in the elicitation of a true 2maxOV , and its exclusion may 

therefore be considered a limitation, however aspects of its design are still opposed to 

some of the concepts fundamental to pacing, which are discussed in the development 

of study protocols. 

 

The availability of willing volunteers impacted upon the number of participants in each 

of the studies described in the thesis.  Despite wide publication of the opportunity to 

participate in each study, volunteer numbers were consistently limited, this was 

predominantly a reflection of the population of the region, and the size of the student 

body, rather than the nature of the studies.  Recruitment may have impacted upon the 
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strength of findings in this research, and thus the size of participant cohorts may be 

considered a limitation of this thesis. 

 

The use of a contemporary perspective on fatigue such as the complex model of 

fatigue is not without its opponents (Shephard, 2010, Hopkins, 2009), and the use of 

such a model may be considered a limitation of the thesis.  However the study of 

pacing is best explained by a physiological model of fatigue which incorporates some 

knowledge of the requirement of physical effort yet to come, and which has the 

potential to up- and down-regulate effort during exercise.  To-date, no other model of 

fatigue incorporates such attributes, making the complex model of fatigue a worthy 

basis from which to compare the influence of self-paced and enforced-pace exercise, 

however this is also acknowledged as a potential limitation to preceding work. 

 

The investigation of self-paced exercise at sub-maximal and maximal intensities has 

relied heavily on the work of Borg and the concept of ratings of perceived exertion.  

Whilst shown to be a valid and reliable measurement tool in rowing (Marriott and Lamb, 

1996), ratings of perceived exertion are by their nature only ratings within the 

conscious and may be influenced factors beyond the exercise environment 

(Micklewright and St Clair Gibson, 2010, Wright, 1996).  RPE scales and the use of 

RPE clamps may therefore be considered as a factor which limits participants’ ability to 

truly alter pace in accordance with biological feedback and sensations of fatigue; as 

discussed in Chapter 6.  Furthermore, the use of RPE scales in Chapter 7 

demonstrates, contrary to expectations, that the relationship between incremental 

increases in power output and RPE is not linear, whilst Chapter 5 demonstrates that 

RPE 15, which one would expect to elicit an effort of approximately 75% power at 

2peakOV , reliably demonstrates an effort of 62-64% of power at 2peakOV . 

To-date the use of ratings of perceived exertion represent a recognised measurement 

tool in the investigation of pacing in exercise physiology, however the use of a factor 

which inhibits the true ability to fluctuate effort and factor which is demonstrated by the 

thesis to be non-linear at RPE values greater than 14 may be considered as a 

limitation, or an interesting outcome to this thesis. 
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8.3 Conclusions 

 

The following conclusions have been drawn from the aims of this thesis as discussed in 

Chapter 1. 

Thesis aims: 

To examine the relative impacts of self-paced and enforced-pace exercise 

on markers of fatigue. 

To investigate the influence of environmental variables such as radiant 

warming on self-paced exercise. 

To identify reliable methods of scientific observation which have relevance 

to current sporting practices. 

 

This thesis has added to the understanding of self-paced exercise when compared to 

enforced-pace exercise by demonstrating a reduced physiological demand in self-

paced exercise when compared with matched intensity enforced-pace sub-maximal 

exercise performances (Chapter 4). 

 

It has shown that participants are capable of reliably matching the same effort in self-

paced sub-maximal trials at a consistent perceived exertion both within-groups and 

between-groups of aerobically matched participants.  These findings quantify the 

reliability and validity of time-trial protocols based upon perceived exertion.  In addition, 

these study findings provide grounds for investigators to confidently reflect on changes 

in pacing as a response to factors other than participants inability to reliably reproduce 

a self-paced time-trial performance (Chapter 5). 

 

The thesis has shown the influence of multi-level pacing plans in self-paced exercise in 

both Chapters 6 and 7.  In Chapter 6, pacing plans were shown to alter based upon an 

environmental manipulation; the impact of radiant heat.  Notably, the influence of such 

challenges on pacing appeared to impact differently dependent upon the point of 

application during the trial. 

 

Chapter 7 has shown the reliability and validity of a self-paced perceptually regulated 

maximal exercise test, which identifies 2OV  responses with similar peak values to 

those of a conventional enforced-pace maximal test, but which incorporates concepts 

such as a known endpoint and an ability to fluctuate pace, aspects of exercise 

performance previously shown as lacking in conventional protocols. 
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The use of ratings of perceived exertion in Chapters 4, 5, 6 and 7 of this thesis has 

provided the opportunity to compare aspects of the RPE scale with physiological 

responses to matched-intensity exercise and incremental exercise.  It has 

demonstrated evidence to suggest that increases in power output and rating of 

perceived exertion may not be linear at intensities above RPE 15 and highlighted the 

need for further investigation of ratings of perceived exertion in self-paced exercise. 

 

Common to self-paced exercise with a known endpoint is the observation of an end-

spurt or the ability to increase effort in advance of the completion of an exercise bout.  

End-spurts were observed in Chapters 4, 6, and 7 of the current thesis, and have 

previously been considered by some, as evidence of ineffective pacing strategies 

(Hinckson and Hopkins, 2005a); however their consistent presence in self-paced 

exercise may be better described as evidence of an anticipatory mechanism, and 

fundamental to the understanding of pacing and fatigue, particularly as an artefact 

unobservable in conventional enforced-pace protocols. 

 

 

8.4 Directions for future research 

 

The validity and reliability of self-pacing in the present studies has been confined to the 

use of rowing ergometry.  As discussed in Chapter 2, rowing exercise presents a mode 

of exercise in which each stroke can be influenced by inputs from a complex metabolic 

controller, providing a finer response to changes than may be observed in cycle or 

running based interventions.  Whilst rowing and cycling studies have previously shown 

to provide similar maximal responses in enforced-pace exercise (Wiener et al., 1995), 

future research should identify the impact of self-pacing in exercise modalities other 

than rowing and compare the impact of modality on the reliability and validity of self-

paced exercise. 

 

The observation of multi-level pacing plans in a number of the studies in this thesis 

presents a departure from previous pacing models, which have only considered a 

singular plan to pacing exercise (Foster et al., 1994), or a plan supplemented by 

dynamic changes based upon teleoanticipation and the coordination of complex 

feedback (Tucker, 2009).  Recent research has identified a reduction in performance 

through the imposition of altered ‘theoretically optimal’ pacing plans (Hettinga et al., 

2011), thus future research is advised to investigate the impact of disruption to multi-

level pacing plans and the concomitant effects on physiological and performance 

responses. 
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The consistent observation of an end-spurt of effort in self-paced exercise is striking, 

and may be fundamental to the understanding of pacing and fatigue.  As an artefact 

unobservable in conventional enforced-pace protocols, its role and implication on 

performance, is relatively unexplored, yet it could be vital to increasing understanding 

of the anticipatory mechanisms involved in the avoidance of fatigue.  Future research 

into this phenomenon is therefore recommended. 

 

 

 

 

 

 

 

This thesis has shown that self-paced exercise presents a reduced physiological 

demand when compared to enforced-pace exercise in matched intensity sub-maximal 

conditions, and demonstrated evidence of multi-level pacing plans which cannot be 

observed in enforced-pace protocols.  Furthermore, this challenge to conventional 

practices in exercise physiology has shown the model of complex metabolic control to 

be central to the investigation of pacing and fatigue.  Future research is now required to 

build on the findings of this thesis and further understanding of the mechanisms which 

contribute to the effectiveness and efficiency of self-pacing during exercise. 
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2.1 Participant information sheet used in studies 1 and 2. 
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2.1 Participant information sheet used in studies 1 and 2 (cont). 
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2.1 Participant information sheet used in studies 1 and 2 (cont). 
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2.2 Informed consent sheet used in studies 1 and 2. 
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2.3 Pre-test questionnaire used in studies 1 and 2. 
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2.3 Pre-test questionnaire used in studies 1 and 2 (cont). 
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2.4 Participant information sheet used in studies 3 and 4. 
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2.4 Participant information sheet used in studies 3 and 4 (cont). 
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2.4 Participant information sheet used in studies 3 and 4 (cont). 
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2.4 Participant information sheet used in studies 3 and 4 (cont). 
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2.5 Informed consent sheet used in studies 3 and 4. 
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2.6 Pre-test questionnaire used in studies 3 and 4. 
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2.6 Pre-test questionnaire used in studies 3 and 4 (cont). 
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3.1 Technical specifications of Concept 2 Model D rowing ergometer. 
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3.2 Technical specifications of MetaMax 3B gas analyser. 
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3.3 Technical specifications of Lactate Pro analyser. 
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3.5 Technical specifications of Philips Partytone (placebo) bulb. 
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3.7 Technical specifications of Kestrel 2000 windmeter. 
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4.1 Recording sheet used for study 1 familiarisation and max trials. 
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4.2 Recording sheet used for studies 1 and 2. 
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 211 
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