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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
VOaes 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 ( VOzeax 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



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



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.



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



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 17" 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.



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., 19244, 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 Hil's measurements of VO 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).



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



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 Ca+ 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 (T.)
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). Itis
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 T, 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 VO2 of 1.0
L-min™", 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
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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 (T,.s=39.7 + 0.15°C). This finding was
supported by the work of Gonzalez Alonso et al., (1999) who observed exhaustion in
cyclists at T,es 0f 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 T, >39°C, 56% of the sample completed the race with T, >40°C, and 11% of the
sample completed the race with a T, of >41°C and all without symptoms of heat iliness.
In response to scepticism from other authors (McLellan, 2007) surrounding accuracy of
these T, 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 T, 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 T, 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., 2006¢, Tucker, 2009).
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2.3.2 Skin Temperature (Tg)
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 T.: T 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 T has a greater
contribution to thermal comfort than to autonomic thermoregulatory responses. As Tg
is influenced more rapidly by changes in a thermal environment, the increased
weighting of T 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 (T.:T) 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 T, and Ty, particularly apparent when the face and chest are

warmed.
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Fig. 11. Core and local skin temperatures during local warming applied to a cold body.

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¢).

Ts, 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 sSEMG 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 VO2zmax
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

VO: 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 VOzmax 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 VO2max 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 VOzmax in conjunction with the models of fatigue

described earlier.
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2.4.1 Measures of VO
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 VO2max has been achieved (Bird and Davison,

1997). Their protocol for the measurement of VOzmax 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 mmolL™ 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”*min™ or 3% with an increase in
exercise intensity.
2. Afinal respiratory exchange ratio of 1.15 or above.
3. A final heart rate within 10 bmin™ of the age related maximum.
4. A post-exercise (4-5min) blood lactate concentration of 8 mmol'L™.
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 VO 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 VO: should be observed

signifying the end of the test. The ability to observe a plateau in VO2rmax 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 VO:2 plateau.

Day and colleagues (2003), compared a constant load and incremental exercise trial
and found no difference in VOzpes and VOzmax plateau as calculated by the plotting of
VO: vs. work rate, suggesting that a VOzpea is likely to be a valid index of VOzmax .
The term VOzpa has been previously used by authors unable to observe a plateau

(Bird and Davison, 1997) and therefore justify that they had measured VO: 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 VOZpeak is @ 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 VO2 plateau can be observed, conducted a series of VO2zmax 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 VOzmax scores seen at plateau and the VO:2 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™, 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 VO plateau (Astorino

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

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

oxygen uptake plateau at VOzmax, 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 VO2max testing has

been termed a verification phase, and provides a new measure through which
investigators can confirm the observation of a ‘true’ V/Ozmax . Midgley et al., have
described a supra-maximal protocol in order to measure and confirm VO2maxin a single

laboratory visit, this is achieved by conducting an incremental VOzmax 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 VO:2 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 VO2max has previously been

reported. In a study attempting to clarify the validity of secondary criteria associated
with the attainment of VOzmax Poole et al., (2008) were able to identify that subjects
could achieve secondary ‘maximal criteria’ at VO2 values of much less than those

eventually confirmed as maximal (Poole et al., 2008). In one case a VO2 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 VOzmax 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

VOzmax 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 VOzmax 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).
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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* and 2" 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™', whilst an RPE of 20 would elicit a heart rate of
200 bmin™. 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 VOzmax and 70% of VOzmax 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% VOzmax 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 VO2 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 VOzmax in exercise of a similar modality. However, when using the
TM estimation target in the C production trial the researchers found that VO2 was
consistently lower at both 50% and 70% of VOzmax. This was supported by a

consistently higher VO:2 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% VOzmax.

Conditions Mode specific % VOzmax
est/prod | 5min | 10min | 15min | 20min
50% VO2max TM/C 50 50 51 52
C/TM 53 53 54 55
70% VOa2max TM/C 65 66 68 69
C/TM 72 73 72 74
Mode specific % HRmax
50% VO2max TM/C 70 71 71 73
C/TM 68 70 69 71
70% V/Oomax 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 VO: and heart rate responses in

the production trial of the treadmill-treadmill exercise at 70% VOzmax, 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 VOz, 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% MAYV, 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
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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 VO: 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 VO2zmax can be used as a strong
predictor of sporting performance (Secher, 1993, Steinacker, 1993), however because
the sport is non-weight-bearing the relative VO2max 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 VO2zmax scores of 46.1
+ 7.1 mlkg-'min™ (3.6 + 0.5 I'min”") and Max HR of 191.6 + 8.8 b.min™". In another
study (Ingham et al., 2007) similar participants were capable of 2000m in 394s with

VOzpes sCOres of 55.6 + 1.2 ml-kg-'min™ (4.9 + 0.1 I'min™"), HR peak 193 + 2 b-min’’
and 314.5 + 7.7 Watts at V/Ozpea 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 VO2max can be

reduced by between 10-29% in rowing exercise, dependent on protocol, when

compared with equivalent treadmill VOzmax 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.

VOspea (I'min™) 49+0.1
W VOzpes (W) 3145+77
HRpeak (b-min’™") 193 + 2
WLT (W) 224 + 6
W4mM (W) 272+9
LT% VOszpeuk 78.1+19
BLa peak (mM) 8.1+0.3
2000m (m's™) 5.07 + 0.12

WVOZpeak ; wattage at VOZpeak , WLT; wattage at lactate threshold, W4mM; wattage at 4 mmol

blood lactate, LT% VOZpeak ; percentage of VOZpeak 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 4™ 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 LT, (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” 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 Power Output
(min:s) (W)
500m Mean 1:34 + 0:01 4181+ 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 3124+ 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. Yetin
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,
2005Db).

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
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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”-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 (VOz) was continuously recorded breath-by-breath via a commercially

available portable metabolic test system (VOz) (Cortex MetaMax 3B, Cortex
Biophysik, Leipzig, Germany). The system was calibrated before, and verified after
each test with standard calibration gases (15% O, 5% CO, balance N,). 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° N-m-s?) (Smith, 2000,
Dudhia, 2008).

3.4.2 Measurement of thermoregulatory factors
These methods were used in studies one and three only.
Core temperature (T.) 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 (T) 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 T, and T 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 sSEMG 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% O, and 5% CO, balance N, (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" N-m-s? prior to any data recording. A drag factor of 130
10"® N-m-s? 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™ followed
by the insertion of a 2™ (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
mmolL". 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, VOzeax ; 52 + 3 ml-kg™"-min™)

performed four exercise trials (vo2peak , 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 SUubRPE trial. Environmental temperature was standardised across all trials

(18°C, 35-45% humidity). Performance time, mean VO:2 and power output were not
significantly different in the sub-maximal trials (PT: SubRPE; 1300 + 78s, vs. SUbEXT;

1298 + 67s. VO2; 37 + 5ml-kg™-min”, vs. 36 + 6ml-kg"-min™". 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.

59



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 Weight Age VOzea HR at VOsma
(m) (kg) (years) (ml-kg'-min™) (b-min™)
Mean+SD 1.77+£0.06 77.10+8.11 296 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°® N-m-s?) (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 (VOZpeak )-
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 VOzmax 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” 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 (VOz) (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 (T.) 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 (Ts) 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 (Basmaijian 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% O, and 5% CO, stored with a N, 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° N-m-s?.
(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 2™
(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 ( VOaw ), Heart rate (HRy) and Power output (POg).

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

VO: , 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 ¢t 18+4 t ¢t
SUubEXT 1298.67 + 71.59 16127 % 12+4 * £
MaxTT 1219.33 £53.92 * t 194 + 27 3014 *

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™min™) (ttv) (b-min™) (ttv)
SubRPE 37+5% 5+1% 156 + 15 11+ 1
SubEXT 3661 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 1 ;MaxTT p<0.01 f.

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 (POy,) 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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Skin Temperature ("C)
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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 T, responses
seen in Figure 4.3 demonstrate similar patterns of increase in SUbRPE and SubEXT
with a greater rate of increase in T. 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 T, between either SUbEXT or MaxTT (Figure 4.4).
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Core Temperature ('C)
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Significantly different from; SubRPE p<0.01 *; SUbEXT p<0.01 1 ; 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™") compared with SUbRPE (5.2 + 2.2 mmol-L™)
(p<0.05). Both sub-maximal blood lactate responses were significantly lower when
compared to the maximal trial (10.9 + 2.4 mmol-L™) (p<0.01).
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Figure 4.5 Mean responses of sSEMG 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 (POy,) observed in the SubRPE condition
compared to SUbEXT (p<0.01) may indicate the presence of a central regulatory

mechanism.

The greater variation of POy, in the SubRPE condition compared with SUbEXT was not
accompanied by greater condition-specific variability in either VO:2 or HR. However,

the similarity of HR and VO2 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 VO:2 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 VO: 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 T 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, VOzex ; 52 + 3 ml-kg”"-min™" vs. Group
B: age; 30 + 7 years, VO oo : 57 + 13 ml-kg"-min™). Each group performed a

preliminary assessment of VOZpeak , 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 VO2 have shown that the

length of sample time can influence the value of the VO: 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 LoOA 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 bmin™), 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 VO2max in

exercise protocols using RPE scores, Lambrick et al., (2009) have demonstrated icc

values of 0.97 between VO2 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 VOzmax . Coquart et al., (2010)

showed that power output at RPE 15 can be reliably used to predict VOZpeak in obese

females using an r value of 0.83, whilst Morris et al., (2010) have demonstrated that

VO: 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"-min™ 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

Height Weight Age VO ek Power at VO zpes
n (m) (kg) (years) (ml-kg™'-min™) (W)
Mean = SD
Group A 8 177+006 77.10+8.11 307 52+3 273 + 24
Group B 8 1.78+0.05 80.14+1547 307 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

(VOZpeak ). 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 VOzex were used to ensure independent groups were

aerobically-matched prior to the investigation of power output test-retest reliability.
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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).

Protocol

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™"-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° N-m-s? 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.

86



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 VOZpeak 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 VO zpea (%) 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 VO zpec 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 Aand 11 + 6
Watts in Group B (p=0.61).
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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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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.
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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% VOZpeak ,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 VOZpeak 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
Il 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

VO2max 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, VOzex ; 56 + 12 ml-kg™-min"™") performed four

exercise trials (VOZpeak , 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). T« 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 T, 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 T and PO in this investigation without significant change to T,
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). Itis
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 (T,) and
heart rate (HR). During the same event a further 33% of participants conversely
demonstrated concomitant increases in T, 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 T,;, may be identified and why the authors failed to observe a significant
relationship between performance time and any T, variable. To justify the inter-
individual variance in T, during exercise the authors cite the work of Davies et al.,
(1976) who asserted that the major determinant of a rise in T, 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 T, 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 ftrials, 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 Weight Age VOzea HR at VOzea
(m) (kg) (years) (ml-kg'min™) (b-min™)
Mean+SD 1.79+20.05 80.05%13.7 307 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 (VOZpeak )-

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 (W 1) 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.

Protocol
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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” 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 (T.) 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 (T<) 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 VO:2 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 | Power Heart Core Skin
Time Output VO Rate Temperature | Temperature
(s) (Watts) | (ml-kg'min™) | (b'min™) (°C) (°C)

IW | 1270+68 |170+12| 37+3% |155+10*| 38.6+0.3% | 31.0+04 %

NW | 1268+61 |172+17 | 38+4 | 101101 557,05 | 313202
(nd W p=0.06) (nd W p=0.09)

W | 1264%57 |174+21| 37+4% | 156+11 | 38.4+03% | ° 2202
(nd IW p=0.07)

* Sig diff W p<0.05 ; T 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 | -11W6% | 173+29 | 166 +26 | -7TW 4%
(p=0.03) (p=0.10)
NW 184 +35 | 176 +27 | -7TW 4% | 175+28 | 171 +25 | -4W 2%
(p=0.27) (p=0.12)
w 183+25 | 175+25 | -8W4% | 175+24 | 175+27 | OW 0%
(p=0.17) (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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Figure 6.5 Mean power output in interval warmed condition expressed as a function of
distance completed.
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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™ in the IW, 161 + 16 bmin™ in the NW and 165 + 19 b'min”
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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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 T 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 T are

plotted in conjunction with changes in power output in Figure 6.8.
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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 (T.) and performance time (r=0.828), T. and power output (r=0.826), and

T and heart rate (r=0.815) in the IW condition. There was also a significant correlation

between skin temperature and VO (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 VO

response equated to 66% of VOaea 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 VO: 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., 2006¢, 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 (T.) 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 T, was perhaps also responsible for the suppression of T in
the warming trial, as T, and T 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™"min”). 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”" vs. 178 + 10 b-min™"; p=0.01). Dynamic analysis
revealed the time spent at an oxygen uptake similar to VOZpeak 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 VOzmax test and could

thus be used in multiple modalities. Furthermore, the reduced variation in VOZpeak 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 VOzmaxis 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 VO2max 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.,
19964, 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

VOzmax (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 VOzmax 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 VO2 at maximum effort across multiple modalities and / or most commonly, a
failure to demonstrate a VOz plateau has led to the use of potentially confusable terms

such as VOzex and VOamax .
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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 VO plateau has not been
observed (Day et al., 2003, Whipp, 2010). In contrast, the descriptor of VO2max is

reserved for a test in which VO2 demonstrates an increase of less than 2 ml-kg™-min”’
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 VO2mx.
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 VOZpeak 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 VO2zmax response in which researchers can have unequivocal

confidence.

In an effort to clarify the relevance of a VO 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 VOzes in the verification phase be
less than 2% different than the VOzmax demonstrated in the incremental phase, it is
suggested that researchers can be confident that a maximal VO: response has been
achieved (Midgley et al., 2007b). Whilst the concept of VO: verification is not without

its merits the concept is still based upon the use of the conventional VO2max exercise

test which has itself demonstrated inconsistencies.
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The conventional VOzmax 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 VO2max 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

VOzmax 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 VOzmax (Midgley et al., 2007b) and whilst
methods of sub-maximal prediction of VO2zmax 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

VOamax at RPE 19 and 20, these predictions where then correlated with a VOzmax
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 VOzmax as measured using the conventional test, but also found that the
extrapolated prediction for VO: at RPE 19 was a better predictor of a peak value than
that of the VO at RPE 20. Their work provides support for the concept that an

absolute maximal VO2 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 VO2max 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 Weight Age

(m) (kg) (vears)
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 ( VO zpeak )- 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™-min™") 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% O, 5%, CO, stored with
a N, 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 N-m-s? 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 Neuvill
(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 VO: was similar across the 4 trials with a range of 3 ml-kg™-min™" across the 4
bouts (range: 52 + 11 to 55 + 12 ml-kg™'min™") 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™ in SP2 (p=0.01).

Values of peak VOz, 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 VOZpeak .

Table 7.2 Performance and physiological responses in four experimental trials.

PPO \'/o2peak HR peak | BlLa post Tvent RER

(Watts) | (mikg™min™) | min™) | (mmolL") [(% VOzmek )| (@ VOaea )

SP1 320 + 34 52 + 11 181+10 | 127+33 | 75+9 1.35+0.09

SP2 | 328+36| 54+10 |178+10 | 11.2+3.7 | 72+5 | 1.30+0.11

Convl | 3256+25 | 55+12 186 + 9 13.0+3.2 | 78+9 1.33 + 0.07

Conv2 | 324 +19 54 + 11 181+ 9 12.4 + 31 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
SP1 SP2 Conv1
SP2 |1.0
Conv1 (1.0
Conv2 (1.0
HR peak
SP1
SP2 | 0.988
Conv1 | 0.098
Conv2 (1.0
Tvent
SP1
SP2 |1.0
Conv1 | 0.876
Conv2 | 0.247
* = p<0.05.

VO e
SP1 SP2 Conv1
SP2 |1.0
Conv1 | 0.523
Conv2 (1.0
BLa post
SP1
SP2 |1.0
Conv1l | 1.0
Conv2 | 1.0
RER
SP1
SP2 |1.0
Conv1l | 1.0
Conv2 | 1.0
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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 VO: in the self-paced trials was not significantly
different from VOz values from 70% trial completion onwards (p>0.05). However, peak

VO: 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 V/Ozes in the SP1 trial of

11ml-kg™-min” represents a variation of 21% above or below the mean value of
52ml-kg”-min™.
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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 VOz, 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). VOzes 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

SP2

0.89¢

Conv1

0.69 *

0.79 ¢

Conv2

0.811%

0.75*

*=p<0.05. T =p<0.01.

Vo2peak

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 VO 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 VO zpea HR peak | BLa post Toent RER
(Watts) (ml-kg™min™) (b-min’") (mmolL") | (% VOzex ) | (@ VOapes )
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 -1 02 -0.2

icc; Intra-class correlation coefficient. LoA; Upper and Lower Limits of Agreement.

Measures of heart rate, VOz, 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 VOz 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).
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Table 7.5 Measures of reliability in two experimental conditions

(Coefficients of Variation from 90-100% trial completion).

Power Output | Relative VO2 HR
Self-Paced
N 3.51% 0.54 % 0.65 %
condition
Conventional
N 1.69 % 0.99 % 0.78 %
condition

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 VO2max test. VOZpeak was

shown to be statistically similar across all 4 trials with a range of only 3 ml-kg™-min™" (or

5%) in average V/Oaes . 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 VO2max can be

underestimated by as much as 27% through the use of secondary criteria in a
conventional VOzmax test. In their study Poole et al., measured VOzmax in a ramp

protocol and then calculated when VO2max 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 VOzmax response. The application of other criteria associated with a VO2max
would have resulted in the rejection of 3 of 8 participants (HRmax +10 b-min™") whilst
the use of blood lactate criteria (>8 mmol-L™") 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 VO: 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 VO2 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

t0 0.999 in VOZpeak 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 VOzmax 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 VOzea values exhibited in the present study has

parity with the findings of other investigations of V/Ozmax , 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 VOaes 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

Oz 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 VO2zmax 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 VO2max
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 V/O2max 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 VO 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 VOapea 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 (VOz 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 VOz, to

demonstrate a plateau in VOz, 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 VO

measures, it has been demonstrated that VO2max 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 VO2 max values (Astorino,

2009, Johnson et al., 1998). Furthermore the development of other methods of

demonstrating a V/Ozea , 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 VOZpeak , have previously

been described (Eston et al., 2006, Faulkner et al., 2007), but this study goes further by

actually measuring V/Oapea , 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

VOzmax 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 VO:2 similar
to VOZpeak in the self-paced condition when compared with the conventional condition.
In the self-paced condition VO: at 65% trial completion was significantly lower than
the VOzpea responses. However in the conventional condition VO:2 was statistically
similar to that of VOzex from 60% trial completion. This suggested that in the self-
paced test although similar VOZpeak , peak HR and peak power outputs were observed,

the participants had to spend less time working at a VO 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 VO:.
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 VOz, 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 VOzweax . Whilst debate over the validity of VOzpea
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 VOuxa . 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 VOaea does not significantly differ

from a traditional VOzmax 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 Eight

General Discussion
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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 VO2max (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 VO2max 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 VOzmax, 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

VOaes , reliably demonstrates an effort of 62-64% of power at VOzes .

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 VO 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.

You are invited to participate In this study following consideration of the Information provided on
this sheet and the satisfactory completion of the Pre-test Questionnaire.

Participant Information Sheet

STUDY TITLE: Physiological heat stress responses to self-paced and directed-pace
rowing ergometry exercise in a thermo-neutral environment at the same refative intensity of
effort.

LOCATION: The Human Performance Laboratory situated in block 6, 3" floor, Human
Perfomance Department of Universal College of Learning

PRINCIPAL RESEARCHER: Patnick Lander - Emergency contact (021 0540362)

RESEARCH SUPERVISOR: Dr Andrew Edwards
Emergency contact (021 2636231)

APPROVAL: This study has been approved by the Central Regional Ethics Committee,
Background -

The main aim of the study Is to compare the heat stress responses at the same reiative intensity
of maximal effort, and at a maximal effort, across self-paced and directed-pace rowing
ergometry exercise in normal conditions, The comparison of responses In these conditions will
provide further Information about the acute physical responses to heat stress and how we
control our bodies 1o prevent becoming too hot dunng exercise,

Previous research has shown that heat stress is related to aerobic capadty (VO, max) and
Individual differences in thermoregulation (Havenith et al. 1990}, Exercise performed at
Intensities based on each Individual's maximal aerobic power is well known to be an effective
strategy for normalising effort (Edwards et al. 2003, Edwards & Cooke 2004), but an Iindividual's
abllity to self-regulate effort is also a powerful means of avoiding physical harm,

In this study, we would like to examine your ability to accurately judge pacing strategles and
consequent physiological responses to: 1) 5000m of high intensity (power output equivaient to
80% V O, peak) self-paced rowing {approximately 20-25 min} exercise using a Borg scale of
perceived exertion and receiving only stroke rate feedback and 2) compare this with a directed-
pace trial designed to elicit a similar level of work based on a fixed percentage of maximal effort,
with feedback of stroke rate and power per stroke. To observe the effects of these factors have
during maximal exercise we would also like to examine your ability to pace and consequential
physiological responses to an all out maximal 5000m effort with 3) feedback of power per stroke
and stroke rate and 4) feedback of siroke rate only.

The accurate quantification of thermal stress can now be measured dynamically during exercise
through the use of a thermometer pill system which works through close range radio telemetry.
This enables the real-time measurement of core temperature where, previously, only pre- and
post-exercise measures were possible (Edwards and Clark 2006),

A10-Fo1  Application for Research Approval Form snd Guidelines Version: 1.3

Approved by:  Research Comumittee Page: 1of 4
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2.1

Participant information sheet used in studies 1 and 2 (cont).

Procedures

Should you agree to participate In this study then you will be asked to complete the
following:

Preliminary Physiological Tests
Maximum Oxygen Uptake (VOzmax ) in normal and warm conditions

This is a test which determines the ability of your body to take oxygen from the air,
deliver it to your working muscles and utilise the oxygen in the muscle. In this test you
will be asked to row on the ergometer to exhaustion (approx 10 minutes). Following a 5
min warm up, you will be asked to row at a wattage of 100 watts and increase your
power output by 30 watts each minute. Your expired air will be obtained constantly
throughout the test and used to evaluate exercise intensity & criteria of aerobic capacity.
When you feel that you can’t maintain the required intensity any longer the testing will
cease, This test will be performed on one occasion only.

Familiarisation

To familiarise yourself with the protocol you will be asked to complete 2 sessions of 22
minutes on the ergometer which will correspond to the intensities you will be asked to
maintain for a distance of S000m in the main trial. These sessions will familiarise you
with the protocol, equipment, and intensities to be used in the main trials. Using short
bursts of exercise at different levels of intensity, you will asked to pre-estimate a 30-min
constant pace for yourseif at a hard (but not maximal) Iintensity using the Borg Scale of
Perceived Exertion.

Main Trial Measures
Heart rate and Oxygen Uptake assessment

Heart rate will be measured throughout the test using a Polar chest strap. Oxygen
uptakes will be assessed breath by breath using Cortex portable gas analyser which
consists of a mouth and nose mask attached to a small pouch to be worn around the
chest and shoulders. The mask will be fitted immediately prior to testing and removed
as soon as the test has finished.

Core temperature assessment

A silicone coated core temperature 'pill’ should be swallowed 4-6 hrs prior to exercise.
The thermometer pill has been used in numerous International research publications
(Edwards and Clark 2006 among others) and passes naturally through the digestive
system. The pill emits a small electrical signal that can be used to accurately monitor
core temperature in real-time. The pill is for single use only and it typically passed with
the faeces after approximately 24 hr. You will be contacted to confirm this pill has been
passed in the faeces 48hrs after testing.

If you have a history of gastrointestinal iliness you should not participate in this study.

ALLFO1 - Application for Research Approval Form and Guidelines Verston: 1.3
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2.1

Participant information sheet used in studies 1 and 2 (cont).

Skin temperature assessment

Skin temperature will be assessed from 4 sites; chest, arm, thigh and calf using a Grant
Squirrel data logger. In order to maintain a good connection each area will be cleaned
and may be shaved before the skin thermistors are taped securely in place

Muscle EMG assessment

Muscle electromyography sensors will be placed at S locations on the skin; 2 on the
thigh, 2 on the bicep, and 1 on the wrist. In order to maintain a good connection each
area will be cleaned and may be shaved before the sensors are taped securely in place

Blood and urine samples

Capillary blood samples (100 ul) will be required pre- and post-testing in both the self-
paced and directed pace conditions (8 samples in total). Blood will be drawn from the
fingertip by well-trained sports scientists. The blood samples will only be used to
measure your hydration levels and the build up of lactic acid.

Main Trial Exercise Tests

On 4 occasions you will asked to arrive at the laboratory and complete an exercise test
that will commence with a 10-min warm up and which will then lead into a S000m rowing
ergometry test. The following 4 tests will be completed in a randomised order. The
following tests should take between 17-35 min depending on your individualised pacing.

Test 1) You will be directed to row for S000m maintaining a constant effort based on a
power output equivalent to 80% of your peak V O; attained previously in the preliminary
test, This intensity has previously been shown to broadly correspond with level 15 (hard
effort) on the Borg Rating of Perceived Exertion (RPE) scale. You will have knowledge
of your power output per stroke and stroke rate. You will be informed when each 1000m
of the 5000 metres has elapsed. This trial will be at a hard, but not maximal Intensity.

Test 2) You will be asked to maintain a self paced level of effort (RPE of 15) for S000m
of rowing exercise corresponding to ‘hard' on the Borg scale. You will have no
knowledge of power output per stroke but you will have knowledge of your stroke rate.
You will be informed when each 1000m of the S000 metres has elapsed. This tnal will
be at a hard, but not maximal intensity.

Test 3) You will be asked to complete the S000m rowing exercise at an all-out maximal
pace. You will have knowledge of stroke rate and power output per stroke so as to
judge how to pace yourself maximally for the duration of the test. You will be informed
when each 1000m of the 5000 metres has elapsed.

Test 4) You will be asked to complete the S000m rowing exercise at an all-out maximal
pace. You will have no knowledge of power output per stroke. but you will have
knowledge of your stroke rate, You will be informed when each 1000m of the 5000
metres has elapsed.

Core temperature, heart rates, skin temperatures, muscle EMG and oxygen uptake will
be measured constantly throughout the exercise tests in both trials.

ALLFO1 - Application for Research Approval Form and Guidelines Verston: 1.3
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2.2 Informed consent sheet used in studies 1 and 2.

Sports Physiology Laboratory

Informed Consent

Research Title: Physiological heat stress responses to self-paced and directed-pace rowing ergometry
exercise in a thermo-neutral environment at the same relative intensity of effort

Principal Researcher: Patrick Lander
Research Supervisor: Dr Andrew Edwards

The full details of the test(s) have been explained to me. | am clear about what will be involved
and | am aware of the purpose of the tests, the potential benefits and the potential risks.

| know that | am not obliged to complete the tests. | am free to stop the test at any point of the
study and for any reason.

The tests results are confidential and will only be communicated to others if agreed in advance.
| have no injury or illness that will affect my ability to successfully complete the tests.
| consent to weighing myself nude immediately before and after each tnal.

| consent to giving capillary blood samples for the assessment of blood lactate, red blood cell
concentration and osmolality in both the directed pace and self paced trials.

| am aware that all my blood samples will be destroyed immediately folloming the analyses
specified in the information sheet.

| consent to attaching skin thermistors and EMG menitors to the areas of my body as described in
the information sheet | am aware that these areas may need to be cleaned and shaved as
required prior to testing on two separate occasions.

| consent to swallow a thermometer 'pill' for the assessment of real-time core temperature during
exercise in both trials and to wear a heart rate monitor and mouthpiece for the continuous
assessment of exercise heart rates and energy expenditure i e. swallowing a thermoemeter pill on
two separate occasions.

| understand the ACC compensation provisions for this study outlined on the Participant
Information Sheet

| have had time to consider whether to take part

Signature of participant ...

Signature of teSt SUP@IVISOF.........c.uuiiiiiiviimiirio st ieisaioer iy eas e
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2.3 Pre-test questionnaire used in studies 1 and 2.

Pre-Test Questionnaire UCcon\

Name.... e e DAt OT BN AQEL

As you are to be a participant in this laboratory, would you please complete the following
questionnaire, Your co-operation in this is greatly apprecated,

ANY INFORMATION CONTAINED HEREIN WILL BE TREATED AS CONFIDENTIAL.

Note: A ‘yes' answer 1o questions 1-5 will represent exclusion ariteria from this study. All remaining
answers will enable the researchers to determine your suitability for participation in the study. In some
cases, further medical evidence may be required to confirm participation.

* Please delete where appropriate.

1. Do you have any history of gastraintestinal lliness? Yes/no®
2. Do you suffer, or have you ever suffered from, any form of heart complaint? Yes/no®
3. Are you taking any medication for a heart compiaint. such as beta blockers?

Yes/no*
4. Do you currently have any form of musde or joint Injury? Yes/no*
5. Do you suffer from asthma and/or diabetes?

Yes/no®
6. Is there a history of heart diseasa in your family? Yes/no*

7. Have you had any cause to suspend your nommal training in the last two weeks? Yes/ino®
8. ls there anything to your knowledge that may prevent you from successfully completing the
tests that have been cutlined to you? Yesio*

9. How would you describe your present activity levei?
Sedentary/moderately active/ighly active®. Give an example of a typical week's exercise.
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2.3 Pre-test questionnaire used in studies 1 and 2 (cont).

10. How would you describe your present level of fitness?
very unfitmoderately fit/ highly trained*
11. How would you consider your present body weoight?
underaeight/ideal weight/'slightly overweight/very overweight*
12. Smoking habits:

Currently non-smoker Yes/no*

A previous smoker Yes/no* .......... per day
If previous smoker, how long since stopping? ... years

A regular smoker Yes/no® .......... per day
An occasional smoker Yes/no® .......... per day

13. Consumption of alcohol:
Do you drink alcoholic drinks? Yes/no*
If yes, then do you!
Have the occasional drink? Yes/no*
Have a drink every day? Yes/no®
Have more than one drink a day?  Yes/no®
Please indicate the type of alcoholic beverage you consume, i.e. beer, spirits, shandy.
14. Have you had to consult your doctor within the last 6 months? Yes/no*
If yes please give relevant details to the test supervisor,

15. Are you presently taking any form of medication? Yes/no*
if yes please give details to the test supervisor.

16. Do you suffer, or have you ever suffered, from

Asthma? Yes/no®

Diabetes? Yes/no*

Bronchitis? Yes/no®

Epilepsy? Yes/no*
Signature of SUDFECE. ..o e
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24 Participant information sheet used in studies 3 and 4.

Participant Information l@

Please consider the infomation provided on this sheet and complete the Pre-test Questionnaire
and Informed consent. On satisfactory completion of these documents you will be invited to
participate in the following study.

STUDY TITLE: Physiological and performance responses to self-paced rowing ergometry
exercise: impact of radiant heat on pacing dynamics.

LOCATION: The Human Performance Laboratory situated In block 6, 3™ floor, Human
Performance Department of Universal College of Learning

PRINCIPAL RESEARCHER: Patrick Lander ext 64704
Emergency contact (021 0540362)

RESEARCH SUPERVISOR: Dr Andrew Edwards ext 70612
Emergency contact (021 2636231)

APPROVAL: This study has been approved by the Central Regional Ethics Committee.
Background -

The main aim of the study is to compare physiclogical responses and concomitant pacing
strategies during submaximal exercise in response to varied heat exposure. The comparnson of
responses in these conditions will provide further information about the impact of radiant heat
on pacing strategies during exercise.

Previous research has shown that individuals preselect a pacing strategy at the start (Foster et
al 1994) or within the first four minutes (St Clair et al, 1996) of exercise. Numerous authors have
also suggested that pacing strategies are altered as part of a complex control mechanism which
balances feedforward and feedback from a range of physiological mechanisms' in order to avoid
the disruption of homeostasis (Noakes 2008). It Is known that core temperature is a defended
vanable in exercise (Noakes et al 2005) and recent findings (Lander et al 2008 Unpublished
data) have identifled significant carrelations between skin temperature and power output dunng
submaximal self paced exercise.

Thus in this study. we would like to examine your physiological responses and concomitant
changes in pacing strategies in conditions of vaned heat exposure completing 5,000m of “hard”
Intensity (RPE 15} self-paced rowing (approximately 20-20 min) exercise whilst 1) being
continuously warmed 1 infrared lamps. 2) not being continuousiy warmed using Infrared lamps
and 3) being warmed every alternating 1000m using infrared heat lamps,

In addition to these main trials you will be asked to perform 2 traditional maximum oxygen
uptake trials, and 2 self paced maximum oxygen uplake trials

Any changes in pacing in the main trials may suggest the body takes a more dynamic approach

to pacing than previously identified and given the importance of defending core temperature
vaned heat exposure provides an excellent methodology to do this.
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24

Participant information sheet used in studies 3 and 4 (cont).

Procedures
Should you agree te participate in this study then you will be asked to complete the fellowing:
Preliminary Physiological Tests

Familiarisation

To familianse yourself with the protocol you will be asked to complete 2 sessions of 10 minutes
on the ergometer which will correspond to the intensities you will be asked to maintain for a
distance of 5,000m in the main trials. These sessions will familiarise you with the protocoi,
equipment, and intensities to be used in the man trials,

Maximum Oxygen Uptake (VO3 yax )

This is a test which determines the ability of your body to take oxygen from the air, deliver &t to
your working muscles, and utilise the oxygen in the muscie. In this test you will be asked to row
on the ergometer to a point of exhaustion (approx 10 minutes). Fellowing a S min warm up, you
will be asked to row at a power output of 150 watts for 3 minutes and then increase your power
output by 25 watts each subsequent minute until exhaustion. Your expired air will be monitored
constantly throughout the test and used to evaluate exercise Intensity & criteria of aerobic
capacity. When you feel that you can't mamtain the required intensity any longer the testing will
cease. This test will be performed on two occasions and will utilise the equipment described in
the saction below titled Heart rate and Oxygen Uptake assessment.

You will be asked to complete this test twice.

Self Paced Maximum Oxygen Uptake (VO3 mu )

This is a novel protocol designed to determine your seif paced maximum ability of your body to
take oxygen from the air, deliver it to your working muscles, and utilise the oxygen in the
muscle. in this test you will be asked to row on the ergometer to a self paced point of
exhaustion in 10 mins. Following 2 5 min warm up, you will be asked to row at self paced
perceived incremental rates of perceived intensity which will increase by 2 RPE points per 2
minutes starting from RPE 11 (Light) and ending with a maximal power cutput within the final 2
minute stage rated RPE 20 (Maximal exertion). Your expired air will be monitored constantly
throughout the test and used to evaluate exercise Intensity & criteria of aerobic capacity. This
test will cease 10 minutes from the start and will utilise the equipment described in the section
below titled Heart rate and Oxygen Uptake assessment.

You will be asked to complete this test twice
Main Trial Measures

Heart rate and Oxygen Uptake assessment

Heart rate will be measured throughout the trials using a Polar chest strap. Oxygen uptakes will
be assessed breath by breath using Cortex portable gas analyser which censists of a mouth
and nose mask attached to a small pouch to be worn around the chest and shoulders. The
mask will be fitted immediately prior to exercise and removed as soon as the trial has finished,

Core temperature assessment

A silicone coated core temperature 'pll’ should be swallowed 4-6 hrs prior to exercise. The
thermometer pill has been used in numerous International research publications (Edwards et al
2007 among others) and passes naturally through the digestive system. The pill emits a small
electrical sighal that can be used to accurately monitor core temperature in real-time. The pill is
for single use only and it typically passed with the faeces after approximately 24 hr. You will be
contacted to confirm this pill has been passed in the faeces 48hrs after each trial.

If you have a history of gastrointestinal illness you should not participate in this study.
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Participant information sheet used in studies 3 and 4 (cont).

Skin temperature assessment

Skin temperature will be assessed from 4 sites; chest, arm, thigh and calf using a Grant
Logistics SQ400 data logger. In order to maintain a good connection each area will be cleaned
and may be shaved before the skin thermistors are taped securely in place

Muscle EMG assessment

Muscle electromyography sensors will be placed at 5 locations on the skin; 2 on the thigh, 2 on
the upper arm, and 1 on the wrist. In order to maintain a good connection each area will be
cleaned and may be shaved before the sensors are taped securely in place

Blood samples

Capiilary blood samples (100 w) will be required pre- and post-testing in each of the four
conditions (6 samples in total). Blood will be drawn from the fingertip by veell-trained sports
scientists.

Main Trial Exercise Tests

On 3 further occasions additional to your VOze=ar trials you will be asked to arrive at the
laboratory rested and ready to complete an exercise test that will commence with a 10-min
warm up and which will then lead into a 5,000m rowing ergometry test. The following 3 tests
will be completed in a randomised order. The following tests should take between 20-30 min
depending on your individualised pacing.

Condition 1) You vall be directed to row for 5,000m maintaining a constant self paced effort
based on an RPE of 15 which corresponds to “Hard" on the Borg RPE Scale. You will have no
knovdedge of your power output per stroke or stroke rate but vill be informed when you
complete every 1000m. Throughout this trial you will be warmed to an ambient temperature of
35°C using infrared heat lamps.

Condition 2) You will be directed to row for 5,000m maintaining a constant self paced effort
based on an RPE of 15 which corresponds to *Hard" on the Borg RPE Scale. You will have no
knovdedge of your power output per stroke or stroke rate but vall be informed when you
complete every 1000m. Throughout this trial you will be not be warmed,

Condition 3) You will be directed to row for 5,000m maintaining a constant self paced effort
based on an RPE of 15 which corresponds to "Hard" on the Borg RPE Scale. You will have no
knovdedge cf your power cutput per stroke or stroke rate but will be informed when you
complete every 1000m. Throughout this trial you will be warmed to an ambient temperature of
35°C for each alternate 1000m using infrared heat lamps.

Core temperature, heart rate, skin temperatures muscle EMG and oxygen uptake will be
measured constantly throughout the exercise trials.

You will be asked to complete each condition once only.

Summary
To complete this study you will be required to participate in a total of 7 trials

(2 x Self paced VOznar; 2 x VO:ma; 3 x 5000m at RPE 15)
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24 Participant information sheet used in studies 3 and 4 (cont).

Possible Risks/Discomforts

The trial protocols used in this study should not represent metabelic challenges beyond those of
your regular gymnasium training; however, you should note that strenuous exercise carries a
minor risk of sudden death due to heart failure in these with undiagnosed medical conditions
and/or family history of such conditions. The incidence of such diseases in the exercising
poputation is extremely low with estimated cases varying from 1 per 10,000 active exercisers to
1 per 200,000 in children and young adults. If you or we have any reason to suspect that this
may apply to you a doctor's certificate will be required before participation in any testing.

During the VO,,.,, test you will reach your maximal ability to extract oxygen and this will require
maximum effort for 1 to 2 minutes. You should recover fully within 5 minutes.

During the trials you will work at a self paced hard Intensity over approximately 20-25 minutes.
You should recover fully within 15 minutes,

Please note that you are able to withdraw from this study at any stage.

If you have any queries or concerns regarding your rights as a participant in this study you may
wish to contact a Health and Disability Advocate, telephone

« Ben Harvey Palmerston North PH — 3537236

In the unlikely event of a physical injury as a result of your participation in this study, you may
be covered by ACC under the Injury Prevention, Rehabilitation and Compensation Act. ACC
cover is not automatic and your case will need to be assessed by ACC according to the
provisions of the 2002 Injury Prevention Rehabilitation and Compensation Act. If your claim is
accepted by ACC, you still might not get any compensation. This depends on a number of
factors such as whether you are an eamer or non-eamer. ACC usually provides only partial
reimbursement of costs and expenses and there may be ne lump sum compensation payable.
There is no cover for mental injury unless it is a result of physical injury. if you have ACC cover,
generally this vill affect your right to sue the investigators,

If you have any questions about ACC, contact your nearest ACC office or the investigator,

For further information on this study please contact:
Patrick Lander

E-mail: p.lander@ucol.ac.nz
Tel: 06 965 3800 ext 64704 or 021 0540362

Dr Andrew Edwards

E-mail: 3,m.edwards@ucol.ac.nz
Tel: 06 952 7000 ext 70612 or 021 2636231
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2.5

Informed consent sheet used in studies 3 and 4.

Informed Consent COL

AL COuLdl O L abie v

Research Title: Physioclogical and performance responses to self-paced rowing ergometry exercise:
impact of radiant heat on pacding dynamics

Principal Researcher: Patrick Lander
Research Supervisor: Dr Andrew Edwards

The full details of the trials have been explained to me. | am clear about what will be involved and
| am aware of the purpose of the tests, the potential benafits and the potential risks

| know that | am not obliged to complete the trials. | am free to stop the test at any point of the
study and for any reason.

| understand my trial results are confidential and will only be communicated to others if agreed by
me in advance.

| have no injury or illness that will affect my ability to successfully complete the trials,
| consent to weighing myself nude immediately before and after each trial,
| consent to giving capillary blood samples for assessment in all trials.

| am aware that all my blood samples will be destroyed immediately follomng the analyses
specified in the information sheet,

| consent to attaching skin thermistors and EMG monitors to the areas of my body as described in
the information sheet | am aware that these areas may need to be cleaned and shaved as
required prior to each of the trials.

| consent to swallow a thermometer 'pill' for the assessment of real-time core temperature during
exercise in each of the trials and to wear a heart rate monitor and mouthpiece for the continuous
assessment of exercise heart rates and energy expenditure.

| understand the ACC compensation provisions for this study outlined on the Participant
Information Sheet

| have had time to consider whether to take part
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2.6 Pre-test questionnaire used in studies 3 and 4.

Pre-Test Questionnaire COL
BT e i scsnsnscsiaasnnasesinsss o DETGON BIMA oo i o Age............

Prior to any exercise would you please complete the following questionnaire, Your co-operation in this
is greatly appredated,

ANY INFORMATION CONTAINED HEREIN WILL BE TREATED AS CONFIDENTIAL

Note: A ‘'yes answer {o questions 1-5 will represent exclusion criteria from this study. All remaining
answers will enable the researchers to determine your suitability for participation in the study. in some
cases, further medical evidence may be required to confirm participation.

* Please delete where appropriate,

1. Do you have any history of gastrointestinal illness? Yes/no*
2. Do you suffer, or have you ever suffered from, any form of heart complaint? Yes/no*
3. Are you taking any medication for a heart complaint. such as beta blockers? Yes/ino®
4. Do you currently have any form of muscle or joint Injury? Yes/no*
5. Do you suffer from diabetes? Yes/no®
6. Do you suffer from uncontrofled asthma? Yes/no*
7. Isthere a history of heart disease in your family? Yes/no®

8. Have you had any cause to suspend your nomal training in the last two weeks? Yes/no*
9. Is there anything to your knowledge that may prevent you from successfully completing the
tests that have been cutlined to you? Yesino*

10. How would you describe your present activity levei?

Sedentary/moderately active/highly active*,
Give an example of a typical week's exercise.

11. How would you describe your present level of fitness?
very unfitmoderately fit/ highly trained*
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2.6 Pre-test questionnaire used in studies 3 and 4 (cont).

12.

13.

14.

15.

16.

Smoking habits:
Currently non-smoker
A previous smoker

If previous smoker, how long since stopping?
A current smoker

Consumption of alcohol:
Do you drink alcoholic drinks?
If yes, then do you:
Have the occasional drink?
Have one or more alceholic drinks a day?

Have you had to consult your doctor within the last 6 months?
If yes please give relevant details below.

Are you presently taking any form of medication?
If yes please give relevant details below.

Do you suffer, or have you ever suffered, from
Asthma?

Bronchitis?

Epilepsy?

Any other controlled condition that may affect this trial?
If yos please give relevant detalls below.

Signature of subject...... ... e Date

Signature of test SUPEIVISOT. .. .....oooe.vviiiiriiisiiiiieiiiiin s

Yesino®

Yes/no*
Yes/no*

Yes/no®

Yes/no*

Yes/no*
Yes/no*
Yesino*
Yes/no*
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3.0

Technical specifications

of equipment.
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3.1 Technical specifications of Concept 2 Model D rowing ergometer.

X concept 2

CONCEPT2 INDOOR ROWER SPECIFICATIONS - Models D and E

Description: Institutiong! grade rowing exercise machine with airresistancs flywheel, sliding sest, and
self-calibrsting electronic performance monitor

Construction: Frame: extruded aluminum I-beam monorsil with stainkess stael sest track

Flywhaa!: Fully-enciosed chain divan flywhes! is steal with glass reinforced ABS squirrel
caga fan attached. The flywheel enclosure is made of hismpact, ABS Tharmo-plastic The “ Quist
Cog" system significantly softens the sound of rowing by damping the chain noiss with 8
ursthane washer on esch sids of the cog. The idler pulleys and traveling pullsy are mads of &
Thermo-plastic elastomer for increased durability and noise reducton,

PM Maonitor {(PM3 and PM4): Banary powerad LCD digal display faatures tima/distance
rowsd, calones burned, power procuced (wattsk stroke rate; stroke output (watts, calanies,
meters), average pace (time per 500 metery), library of preset workouts (timed, distance, timed
nterval, distance intervall, pecgected finish (time or distancel, spit memory reca! function;
optional haart rate monitor interface. Choose from a varniety of units and graphic display options
inchuding Force Curve, Paceboat and Bar Chart. On board games provide video game-like compe-
tition CZ LegCard sasily and automatically records workouts and tracks prograss vathout sepa-
rate paper record of each workout PC-interface to transfaer LogCard data to your personal com-
puter Power genersticn faature extends the life of the battenes by providing operating power to
the FM while rowing. Monitor is powered by 2 D batteries (PM3] or a rachargeable battery pack
{PRAS) andd are Induded. No external power source 1a needed. Wireless heart rate monitoring and
PM to FM racing s standard on the FM4

Misc: Adjustable air rasistance, Flexfoot{TM} adjustable footboard systam, impact-rasistant,
glass-reinforced Nylon, ergonomically-dasignad handle with ovarmolded soft rubber grips;
molded rubber foot pads; anatomically designed seat top; built in caster wheels; quick disconnect
festure for compact storage

Benefita: The Concept? Indeor Rower is the rowing machine of choice for all on water rowing
programs as well as health clubs, cardac rehsbilitation centers and corporate fitness centers
The smooth, fluid feel of each stroke and the proper balence of momentumn and drag sre
unsurpsssed by any other rowing machine in the simulation of the on water rowing stroke

The rugged institutional grade construction assurez minimal maintenance and years of trouble-
free use The self-calibrating slectronic performance monstor 15 unigue. Its' accuracy allows for
objective comparison between workouts, as wall as allowing measurad competition between
individusis.

Space The Concepmt2 Indoor Rower measures 8 long by 24" maximum width An area of 9'
Requirements: by 4' |a required for operation of the machine. Storage requirement for two upright
pleces s 27" x 47 x 54 5"H (Model E} and 25" x 33" x 63"H (Model D) ,

Spare Parts Spare parts a@ avadable direct from the factory Machines are user serviceable. Initial assembly
and Service takes approximately 20 minutes and subseguent installation of the most common spare parts is
not difficult. Technical assistance iz available during regidar buziness hours

{M-F 7:30 a.m -5:00 p.m. ET} on our tol-frae customer service line 800.245 5676,

Warranty: Covers defective parts for a 2 - 6 year penod from date of shipment. Copy of warranty
i available upon request

Concept2, Inc, 105 Industnal Park Drive, Mormzville, VT USA 05851-8532 Toll Free: 800,245 5676 |USA & Canada)
Fax: 802 888 4791 rowing#concept? com concspt2 com

Concage? n®esa's menvaconw and fastary dive: sades vourow for the Conomot2 ndoar Rownr Algnoos s factory domes Pricos are wuject 10 change wilhout motos
ane
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Technical specifications of MetaMax 3B gas analyser.

Extent of Supply

MetaMax® 38 Podable CPX System
OVT ar Triple" Volume Transducer with
Temperature Sensor

Sample L with Nasicn® Drying Tubs
CORTEX Face Mask Set

Head Cagp

Madiel” Shoulder M or ‘MaxSport” Jackets
E for Audio Feedbach

Polar™ Haan Rate Trarsmitter Bell with Strap
Battories & Battary Charger

Telemetry Receiver with Cabie

PC Connecson Catle

Power Supply and Powes Cord
MetsSoft® CPX Software

User Manusal

Carrying Case

Options

Hardware

- CardioLyzer 12 Sor b of weadmill lesting In the iab
*  PC-Based 12-Channal Rest'Strass Test ECG

*  Motion-Talerant NIBP

Pules Oximetry

¢  10-Lead Suction Electrode System
- CBP 2000 Portable NIBP System

3.Channel M g ECG W poctab
loll\nu

v Ergometer / Traacdmil Control

*  Spiometry

* Indirect C

*  Non-invasive Cardiac Outpul
Accessorla

MataMax” 38 “Aqua Fitness Sef’

Batlery Powsr Packs (Spent, Madium, Marsthon)
Batlery Chargar for Battery Power Packs
Calibration Kits

PC / Notebook

Coler Pringer

Multi-Function Trobey

Safety

Standards

EN6OBO1.T (1686}

EN 50601-1-1 (1904)

EN 60801-1-1/A1 (1996)

Class Class I!, Type BF

EN 60801-1.2 (1584)

Class |l & (S34LEWG; Appendix IX)

CORTEX Bnpnyll GmbH
Nonnenstr, 39

04228 Lespzi y
Phore: +4D 341 46 74 5-0
Fac =45 341 43 74 .50
emal: info@coriex-medical.de
hitp rwww cortex-medical da

MetaMax® 3B

Technical Specifications
Portable Cardiopulmonary Exercise System

Base System
Methoa Braath-by-breath
Size (LAWH) 2% 120 x 110 x 48 mm
Weight 6509, including Batiery
cPY 160 processce, 20 MHZ. Flash memary
Data storage 8 MB
Environmental Specifications
Temperabure -20"-+40 T
Pressurs 500 - 1050 mbar
Humidity 0-96%
Battery Typs: Lithitam jon
Capacity 1350 mAn
Tima: approx 2 hrs
Voltage: 7.2V noeminal
Size. TO[L} x 3S(W) x20(H) mm
Vénight ]
Analyzers
Volume transducer Typo. burbine. digital
VT Range 01-121s
Resakmon: 7 ml
Accuracy 2%
Volume transducer Type turbene. digial
Tripie® v Range 0.05-201s
Resowtion. 7 ml
Accuracy. 2%
O; analyzer Typa. electro-chemical cell
Range 0-35% O,
I <100 ms
Accuracy. 0.1 Vel %
CO; unatyzer Typa: Infrared
Range 0-13% CO;
o =100 ms
Accuracy.  01Vol %
Pressure Typs: Silcon
Range 200 - 1050 mbar
Accuracy. 18%
Temperature Typa. NTC-Thermistor
Range 56T - +155C
ACCUTSTY. 1c
Heart rate POLAR’ or ECG (optionad)
Telemetry
Type bi-drectional. 19.8 kBaud, B4 channals
Frogquancy 433 - 434 MHz, manua o asomate
frequency selection
Range up %o max 1,000 m
3-Channel ECG (optonal)
Channess: 3
Leads Einthoven, Wilson, Nahb, Goldberger
Frequency: 100 Hz
Ampiification: 6,10, 20 mmémV
Telemetry Recelver
Typw bi-dractional. 19 66 kBaud
Froguancy 433 - 434 MHz; manual or aulomatic
froquency selection
Interface RE232 for PC / notebook connection
Size 150 (L) x 80 (W} x 45 (H) mm
Vinight 2009
Quality

150 8001, EN 46001, C €ou

DRAGA A e A E TWoge LN M E Tk seiated
Pken o g Y e s g 'uoll?nmm
Pabacaton o SS02C

CORTEX. Pioneers in Metabolic Stress Testing.
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3.3

Technical specifications of Lactate Pro analyser.

Lactate Pro" r170

Simplified Blood Lactate Test Meter

With only 5pL of blood and simple operation,

“Lactate Pro" provides accurate blood lactate level in 60 seconds.

lead A\

" Lactate Pro” adopts the ol b
utilizing emzy sorn. The o

has been further shan-  mere 60
plified. As Sirde s Se L of blood is enough for a messurement.  wees the nisk of human error. and thus provides scourate blood
Furthermore, the wiping of excess blood sad other troublesome  Ractate bevel without involving sany manual operation,

of blood.  Start of maasuremunt.

are not reqy
ds. The

are pleted (oo
piration of blood greatly red-

© Irsart B test stip imo e 5T inket of the

O Belore 5 xL of tdood trom your
Inger, wash ang dry your hands.

0 BRod i avmalcaly aspealed md
MRATAOMANt DIGIG.

O The messuremest rescll s cislayed in
&0 soconds,

Displuy of
Blood Mctate mvel

High data precision of C.V. 3% satisfies
the needs of clinical testing.

With the high repeatabitity of C,V. 3%, "Lactme Pro” is abke 1o
B used ot anby in physical traiming but also useful for clinical
testing. Thus, “Lactste Pro” peovides reliably precise data aquiva-

A credit card size meter is very
convenient for mobile use.

Measuring 83.8 x 55.0 x 14.5 mm. the smallest of its kind in the
workd , “Luctae Pro” requires only o limied space. Funther,
weighing only S0z, it is casy tocarry sbout Whenever and where-

fent 10 that of Jarge-seale iesting equip and also ver ¥ blood lactme levels can be ohtained.
good correlation with ponsl luctate tost mesers.
B Faporati Ry s B Cormelation lest
. ® Memory function for the benefit of data
o e management. Up to 20 measurement
A T results can be stored.
[ a2 "wr - Froem tse latest test result, up 10 20 previous measurcments can
. . bird i A be recorded, Farth the average of the past 20 measurement
- :; by - resnlts can be displayed for the benefin of betier dita management
" 3 W | and analysis,
" n Al
“ 22 " ! s pawmEn
" 32 ne et
o — — |
NN e T .
o :‘.-,‘ (OO eraprote metat mewdl )
Specifications
OMeter
Test Lactiin in whole blood Hattery ile Apoeoumately 1000 tesis
Sample size Appraerataly Sul Cperaling Temperalure range 10°-40° C(50° 104" F),
Tost srip Exclusive Lacsato Pro” Test Strip :
¢ (H)
OB~2 Bemolil Oimensions 83.8(L) XS5.0(W) X14.5(H) mwm
Maoseng tiee 80 seconds g .
Tevparature AUSIOMBIC COMDENSAICH using i @ 7ot Strip
Calbrason Auctomatcally selocts 1he appecpriale 9 R - SRR
calbration curve by using a calibration sivp Expiry 1 yoar after production
Power scurce Two 3-vell Hthum batieries(DL or CR2042) Package unit 25 srpaibox

Design and specifications may be subjusct 1o change withos sabce.

< ARKRAY, Inc.

KYOTO MIYUKI Bidg, 10F, 680 Takanna-cho,
Nakagyo-ku Kyoto 604-8153 JAPAN

TEL.: +81-75.662-8967, FAX: +81-76.662.2973,
hitp liwww.arkray.co jplenglish

19901550 (08
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3.4

V2 Oct-2004

9. Technical data

Technical specifications of Squirrel 400 datalogger.

9.1 Inputs, ranges and resolutions

Note that not all ranges are available on all models. Please consult a brochure for

details.
Input type Available ranges Resolution
Thermistor temperature U,Y.S | -50 t0 150°C -58 to 302°F 0.05°C
Thermocouple temperature K | <200 10 200°C -32810 392°F | 0.1°C
Impedance: |02 | -200 to 450°C  -3281t0 842°F | 0.2°C
-200) 1o 1200°C  -328t0 2192°F | 0.5°C
(1 to 950°C 3210 1742°F | 0.25°C
Thermocouple temperature T | <200 t0 200°C 32810 392°F | 0.1°C
Impedance: 100 | -200 10 350°C  -3281t0 662°F | 0.2°C
PT100 temperature (P3/P4) -200t0 100°C 32810 212°F | 0,1°C
Max line resistance 10062 <200 10 400°C  -3281t0 752°F | 0.2°C
200 1o 600°C -32810 1112°F | 0.3°C
DC voltage 0to SOmV =250 25mV SopvV
Impedance: IML| 010 100mV <50 to 30mV RITAY
010 200mV -100 1o 100mV | 30uV
0 to 500mV =250 10 250mV | 0.5mV
Oto 1V <500 to 500mV | 0.5mV
0to2V -lto 1V (0.5mV
0to SV -2.5t10 2.5V SmV
Oto 10V St 5V SmV
01020V 1010 10V SmV
DC current 410 20mA 0.05%
(as 0 1o 100%)
Impedance: 10£2| 0to 20mA 10uA
Pulse count 0 to 65,000 1
Impedance: IM£2| () 1o 650,000 10
State or 00000000 1o 11111111 1
| Digital 0to 255 1
Accuracy Voltage: +0.1% of reading +0.1% of range

Temperature/current; +0.2% of reading +0.1% of range
Analogue/Digital Converter The SQ400/800 and 1000 Series dataloggers have a 12 bit
AD converter; most ranges therefore offer a 12 bit resolution. Some short ranges or
those with nonlinear responses offer only a 10 or 11 bit resolution.

47
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3.5

Technical specifications of Philips Partytone (placebo) bulb.

1952010

PARTYTONE 80W E27
240V PAR38 RE ICT

Product family description
Coloured pressed-glass 12| mm diameter reflector lamp

Product Feature

Weatherproof silicon lacquer coating on the refractor
face in a choice of colours
Flood beam width

Product Benefit

Gives striking decorative effects, both indoors and
outdoors

20% lower power consumption compared with
conventional coloured PAR lamps

Application

Parks, public and private gardens

Festive iBumination

Restaurants, bars, dance halls, nightclubs
Show-window displays, fountains and Son et Lumiere’
spectacies

Can be installed outdoors any protection,
provided they are used in a watertight lampholder
For outdoor use, a heat-resistant rubber ring must be
fitted between the lamp and the lampholder

ey

Carevarsal Code

Pl prodect sane

Order product name
Packing crpe

Pheces por pack

Pachoyg conbperancn
Packs par ourerbos

B tode oo pack - EANI

R code oo enenmedune packing - EAN2
Bar code 00 outerson - EAND
Logese eadels) - 1INC
IOOS code

Nt weighes pee phece
Sucremor order code
CappBase

PAREFLREEDAWINVES
PARTYTONE BV 127 3407 PARIE RE (CT
PARTY S0W EIT 240V PAR RE ICTE

| Lamg in 3 Folding Carton

'

L3
4
3711500045113

710183073507

9138 112 45588
WAKS 5395037131
03N KG

SRy

. PHILIPS
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3.6

Technical specifications of Osram Siccatherm (warming) bulb.

TECHNICAL DATA

T T T T TR - S R T e g
hed 1M Womoeoiomet 15 MW 126 135 Rl B 1 Peasigas

188 1@ -

B -

Ainlatvr Jnteacky dembeton of SCLATAAW® ang TERATHEIN® PAN S

This unit /s not & medicel product. You e N\
shiould coneul your doctor I you heve § 0 — Fx
ony medical problems, Only your doctor :; j l "\,
will be able to suggest suitkie roatment i% o4 ; j \
for your symptams. EE we + x
‘ ¥ .3 o o
i Vi iR
s
Because of tha heat that thees lamps .§ 0z j; AW
generats you should use them only :' — h o ;
In suitable heatresistant equipment, BU M S0 A5 W 5 0 M M 48 & M N
Protect the lamps (made from soft gass) ) o
i ERRRasa en owpmmmumw.;mwmm
£ oo T '
i o '
£z vooe
g .08
= B ooy — —
E\om
¥ oo
i 000
Qo ’ L ==
mmrw:mvmvmrmmmzﬁ
— STATHES 10 o <20 o
— SICCATHERW S TRERATH R A s o sedor 5700
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3.7

Technical specifications of Kestrel 2000 windmeter.
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4.0

Recording sheets

used in studies.
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4.1

Familiarisation and VO, Test

Research Title: Physiological heat stress respenses to self-paced and directed-pace rowing ergometry
exercise in a thermo-neutral environment at the same relative intensity of effort

Recording sheet used for study 1 familiarisation and max trials.

Subject Name Date Coding
poB Height Weight
Time Temp BP
Tme | RPE | Sicketae | Oupst
0-4 11
4-7 13
7-9 15
8-10 19
‘ Time | Power Output S.tg_e'k;g;tg VO,

03 80 o
3-4 105 |
4.5 130 [
5.8 155 |
-2 180 |
7-8 205
8.9 230
810 255 |
10-11 280 i
11-12 305 |
12-13 330 |
13-14 355 |
14.15 380 -
15-18 405 :
16-17 430 \
17-18 455 |
18-19 480
19-20 505

V 0, Peak
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4.2 Recording sheet used for studies 1 and 2.

Main Trial Q_@

Subject Name Date __ Coding
 Time (min) | Time (s} | CoreT
0. 0 Pre | |
0 30 Pre Lacate I ]
1 60
E a0
X 120
150
A 180
210
240
[ 270
X 300
.4
: %0
; 390
420
7 450
X 480
X 510
540
i 70
104 600
10 630
114 660
112 £30
X 720
124 750
134 780
13, 810
14 840 EMG
145 870 2 sirckes from the full exensicn 0
8 $00 to prompk
15, to
16.4 % 10
40 prompt
17 1020 10 prompt 5000
7 1650
18, 080
182 110
19 140
19 170
201 200
20! 230
21, 260
21 290
221 320
22 350
234 330
23 410
241 440
24 1470
251 1500
25 1830
264 1560
1630
271 1620
27 1650
284 €80
28 710
294 740
23! 1770 Post Weight | |
301 1600 Post Laclale | |
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4.3 Recording sheet used for study 3.

Heat Trial m

Subject Name Date _ ~ Coding
| Time (min) | Time (s) Core Temp
0.0 0 Notas:
05 30 Pre Core Temp
3 60
; ‘: Pre Weight
; 150 Pre Lactate
] = PC Trial Start Time
> &~
4, 240
4 ;%
5.
B 330 West
6.0 360
6. 390 Hhidty
7| 420
7. 450
8. 480 Warm Up
EE 10 Time RPE
X 540 04 11
; 570 47 2
). 600 7-8
. 630 810
[ 660
[ 690
2 720
2 750
30 780
3 10
14 340 _EMG Metres
144 70 3 strokes full extension 0
15. 800 to prompt 1000
S 930 _to prompt 2000
6. 960 to prompt 3000
6. 980 to prompt 4000
3 1020 10 prompt 5000
72 1050
184 1080
18 1110
9. 1140
9 1170
20/ 1200
20 1230
21 260
FIE 200
22 1320
22} 350
23 380
23! 1410
24§ 440
242 470
254 500
253 1530
1560
26 1550 PC Trial End Time
s 190 Post Lactate
280 1680
%5 310 Post Weight
250 40 3
1770 Perceied RPE
300 1800
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4.4

Recording sheet used for study 4.

Maximum Oxygen Uptake (V O,) Test m

Research Title: Physiological and performance responses to self-paced rowing ergometry exercise:
impact of radiant heat on pacging dynamics

Subject Name DOB
Height Weight
Date Time
Heat Humidity
Coding
Warm Up
' Time | RPE Time | RPE Sporting Experience:
0-4 1 0-4 11
4-7 13 4-7 13
79 15 7-9 15
910 19 910 19
Trial
Time gm | Time | RPE Statement Hotes:
0-3 150 | 0-2 11 Light
3-4 175 | 24 13 Somewhat Hard
45 | 200 | 46 15 Hard
5-6 225 | 6-8 17 Very Hard
6-7 250 8-10 20 Maximal Exertion
78 [ 25 |
8-9 300
9-10 325
10-11 350
11-12| 375
| 1213 | 400
Pre Lactate Post Lactate V 0, Peak
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5.0

Presentations and publications

derived from this research.
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Lander, P. J., Butterly, R. J., Edwards, A. M. and Zanker, C. (2007) Dynamic
characteristics of physiological responses, power output, and concomitant
pacing strategies during 5000m all-out rowing ergometry. Proceedings of the

New Zealand Sports Medicine+Science Conference, pg 54. Abstract only.

Dynamic characteristics of physiological responses, power output, and concomitant
pacing strategies during S000m all-out rowing ergometry.

PJ Lander"”, AM Edwards'>, R Butterly’, C Zanker’

1
A Leeds Metropolitan University. Camegie Research Institute, Leeds. UK
“UCOL Institute of Technology, Department of Human Performance, Palmerston North, N7

Introduction: The aim of this study was to describe the dvnamic physiological response
charactenistics to all-out rowing exervise m which numerical knowledge of performance
was altered by mampulating the presence of visual feedback, Several recent studies have
suggested that when free to vary power output during high intensity exercise, humans will
subconsciously adjust external work (pacing) in a dynamically fluctuating pattern via a
centrally regulated teleomnticipatory mechanism which influences feedback und feed
forward mechanisms in an etfort to defend homeostasis (Lambert ¢t al. 2005, Tucker et al,
2006), Tt was hypothesised that the dynamic physiological responses between feedback
(FB) and no-feedback (NIFB) conditions would reflect condition-dependent pacing
strategies whilst tnal performimces st completion would be unaffected. Methods: Seven
well-trained male participants (age: 32.0 + 6.5 years, body mass: 78.5 = 9.4 kg, VO; peak:
51.0 = 2.0 mikgmin™) performed three exercise trials { VO: peak, 5000 m all-out FB, 5000
m all-out NFB) with trials 2-3 performed in a randomised order. Breath-by-breath gas
exchange, heart rates, core and skin temperatures, and stroke-by-stroke power outputs were
monitored continuously throughout trials 2-3. Dynamic responses were batched into 30-sec
bins (mean) for statistical comparisons between conditions. Results: 5000m all-out trial
performance times were not significantly different between FB (20 mim 155 = 0l min 055 )
and NFB (20 min 15 5 = 54 5) conditions (P= (.983 ). At trial completion core and mcan
skin temperatures  were  also  similar  between conditions however the dynamic
characteristies of oxygen uptake, external power output, and temperature regulation all
demonstrated condition-dependent differences during the trial. Conclusion: Overall 5000
m all-out rowing performance s unaffected by numerical knowledge of performance,
whilst the dynamic responses of participants during the trials demonstrate condition-
specific differences, The results of this study support the role of a central processor in the
determination of pacing during exercise performances in which external work is free to
vary, thus favouring the co-ordination of exercise completion with a critical core
temperature over any other preceding performance fluctuation

References:

Lambert EV, St Clair Gibson A, Noakes TD. Complex systems model of fatigue:
integrative homoeostatic control of peripheral physiological systems during exercise in
humans, Br J Sports Med 2005; 39; 52-62

Tucker RA, Bester A, Lambert E, Noakes TD, Vaughan C, Gibson A. Non-random

fluctuations in power output during self-paced exercise, BrJ Sports Med 2006; 40: 912-
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5.2 Presentation slides from SESNZ 2007.

Dynamic characteristics of
physiological responses, power
output, and concomitant pacing
strategies during 5000m all-out

rowing ergometry.

PJ Lander!?, AM Edwards'?, R Butterly!, C
Zanker?

'Leeds Metropolitan University, Carnegie
Research Institute, Leeds, UK
UCOL Institute of Technology, Department of
Human Performance, Palmerston North, NZ

Aim

¥ to examine dynamic physiological
responses to all out exercise in which
knowledge of performance was altered

I Dynamic responses
® Pacing strategies
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52 Presentation slides from SESNZ 2007 (cont).

Pacing strategies during 32
world mile record performances:
1880-1999
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52 Presentation slides from SESNZ 2007 (cont).
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52 Presentation slides from SESNZ 2007 (cont).

Exercise Endpoints

Exercise Endpoints
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52 Presentation slides from SESNZ 2007 (cont).

Feedback Trial
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52 Presentation slides from SESNZ 2007 (cont).

Group Average Power Outputs
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5.2

Presentation slides from SESNZ 2007 (cont).

Dynamic correlations

Auto-carrelation

In summary

This data suggests that skin temperature may act as a

signalling mechanism to regulate conscious effort

This may be better observed in the NFB trial where
subjects base thelr pacing on intrinsic biological
mechanisms,

Further data required to confirm this observation

Th ata | performance implications for
| nce these nufnenln’lq mechanisms me
the environmental conditions.
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52 Presentation slides from SESNZ 2007 (cont).

Questions, Contacts and Thanks

Many thanks to the subjects, to Andrew Edwards, to Ron
Butterly, and to UCOL Department of Human Performance
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Lander, P. J., Butterly, R. J. and Edwards, A. M. (2009) Self paced exercise
presents a reduced metabolic challenge compared to matched intensity
enforced pace exercise: Use of an RPE Clamp in submaximal rowing.
Proceedings of the New Zealand Sports Medicine+Science Conference, pg 54.

Abstract only.

Self paced exercise presents a reduced metabolic challenge compared to matched
Intensity enforced pace exercise: Use of an RPE Clamp in submaximal rowing.

PJ Lander'?, R Butterly, AM Edwards'?

'Leeds Metropolitan Universily, Camegie Research Insfitute, Leeds, UK
2UCOL Institute of Technology, Exercise Sport Science. Palmerston North, NZ
*lmes Cook University, Institute of Sport and Exercise Science, Queensiand Australia

Introduction: The aim of this study was lo conpare the dynamic physiological response
characteristics of 5000m row ing ergomelry exercise, in self paced, and matched intensity
enforced pace exercise, Recent studies have suggested that when individuals are free to
voluntarily vary power cutput during high intensity exercise, subconscious adjusiments are
made to external work (pacing) in a dynamically fluctuating pattemn. It has previously been
hypothesised that a centrally regulated telecanticipatory mechanism controls this
behaviour via feedback and feed forward mechanisms in an effort to defend homeostasis
(Lander et al. 2009, Tucker 2009). In this study, it was hypothesised that by matching
enforced pace exercise to a sell paced effort using an RPE clamp thal dynamic
physiological responses would result in meaningful non random fluctuations of power
output, w hich reflected condition-dependent pacing strategies,

Methods: Nne welktrained male participants (age: 29 + 6 years, body mass: 771 + 8.1
kg, VO. peak: 516 + 2.7 mikg'min”) performed three exercise trials (VO, peak, 5000 m
RPE clamped at RPE 15 (SP), 5000 m enforced pace matched intensity (EP) subjects
wera deceived to believe that the EP intensity was equivalent to ventilatory threshold in
order to prevent pacing similar o that of the previous self-paced trial. Breath-by-breath gas
exchange, hearl rates, core and skin temperatures, EEMG, and stroke-by-stroke power
outputs were monitored continuously throughout trials 2-3. Dynamic responses were
batched into 30-sec bins (mean) for statistical comparisons between conditions,

Results: Performance times for the 5000m matched intensity trials w ere not significantly
different between the EP (1288 .67 + 71.59s) and SP (1300,11 £ 77 53 s) conditions
(P>0.05). T.(P<0.01), postest BLa (P<0.05) and IEMG (P<0.05) w ere all significantly
elevated in EP compared to SP. There w ere no differences in the dynamics of HR, VO,
T,y batween EP and SP. The intra-est stroke-to-stroke variability (ttv) of pow er output was
significantly low er in the EP condition compared to SP (P<0.01).

Conclusion: In matched paced submaximal exercise, similar performance outcomes are
achieved despite differing dynamic physiological responses. Self paced exercise presants
a significantly reduced metabolic challenge when compared 1o matched intensity enforced
pace exercise. The abilty to voluntarily fluctuate effort in self paced exercise is therefore a
conscious behavioural response to a subconscious homeostatic challenge such as
Increased core temperature and blood lactate concentration,

References:

Lander PJ, Butterly RJ, Edwards AM, Self-paced exercise is less physically challenging
than enforced constant pace exercise of the same intensily: influence of complex central
metabolic control 10.1136/bjsm.2008.056085. 8r J Sports Med 2009:bjsm 2008.056085

Tucker R. The anticipatory regulation of performance: the physiological basis for pacing

strategies and the development of a perception-based model for exercise performance
Br J Sports Med 2009,43(6):392-400
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54 Presentation slides from SESNZ 2009.

Self paced exercise presents a reduced
metabolic challenge compared to matched

intensity enforced pace exercise:
Use of an RPE Clamp in submaximal rowing.

Pl Lander’”, AM Edwards!’, R Bt

Aim

I to compare the dynamic characteristics
of self paced and matched intensity
enforced pace exercise

® "The Russian and I had different strategles, when he
changed speed, 1 just couldn’t stay with him."
Jefferson Perez, 20km walk, 2008
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5.4 Presentation slides from SESNZ 2009 (cont).

Peripheral Model of Exercise and
Fatigue

Heart Muscle Mitochondria

Central Complex Model of Exercise
and Fatigue.

Cardiovascular syste Lungs Metabolism

Muscleg
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5.4

Presentation slides from SESNZ 2009 (cont).

Protocol
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54 Presentation slides from SESNZ 2009 (cont).

Performance Characteristics
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54 Presentation slides from SESNZ 2009 (cont).
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54 Presentation slides from SESNZ 2009 (cont).

In summary
[his data shows that similar performa outcomes can
be observed despite differing physiological responses.

Self paced exercise presents a significantly reduced
olic challenge when compared to matched intensity
enforced pace exercise

Further data are reguired to clarify the role of voluntary
fluctuations of effort on metabolic processes.

This data has performance Implications exercise
measurements taken during exercise at an enforced p

Issdsmsicarnegis

Questions, Contacts and Thanks
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Original article

Self-paced exercise is less

physically challenging

than enforced constant pace exercise of the same
intensity: influence of complex central metabolic

control
P J Lander,? R J Butterly,” A M Edwards®

ABSTRACT

Objective; Tc exaning waethe sel pacng redues the
physoogics’ challenge of pedorming 5000 m rowng
EGOTERTY EXSFCRE N COMPATEON Wit 3 matched-
mansty axeress congtion m wach a constant effort
pacng strteqy is elo-ced,

Methods: Nne healy well ameo mae partessy
vountsesed to patticipate i tyee 5000 m rowrg
condtons two sibmadma! and o mexms oonellons)
n o indwdeized ordsr. by the mbmaxmal condtions,
pateoasts wen eqeréd ta |1) pedom 5000 m oot o
ponstant metng of perpaved exerion |RPZ T4 -Han)
{SubA7E) o |2} perform 5000 m 3t @ anforces canstant
pace souvaent 10 the mean cower outpul [PO) of the
SHAPE condtion [SusEXT]. A mexirmed condition (Vax"T)
vk eciuded 10 dsguse the punase of the stixty and
facirate an element of randomisation » the test
sEancy, Dnamic nbatest msponses wed nsessed
evary e PO, Yoy, IEME, cote (T2) ana skn temperatures
ul

Results: There was o cllewnce belosen perdonmance
tmes af t twn sbmavmnl tral. The mean 70
regrasanted B3 B3 (50 BARIS (SubA) ond 0240
(8841 [SuEXT) of the mean Mox™ power outpt T,
(SubAT 28 46 0.23)°C, SubIXT28.72 0.36)°C,
p<007), post-test Bla |SuEAPES 2 12.78),

SEXTH 19 2 5°) mmol?, 5<0.05) and EME <0.05)
were spalicanty eleated (0 SWEXT mmeaad with
SEAPE. Thers were no dffarences in the synamics of -A
o Vo betwéen SubEXT end Subfiet. The ateatest stroke
1o-stroke variabiity of powsr astput was sqoadcontly
greater 9 the SURPE condten compared wits SubEXT
fo<00)).

Conchusions: Enforosd costant pacsd eercse presants
n significanty gwater phyzclogical thalengn Pan snf
paced exsrcae. The abfity o oynamcaly sed pace effort
v rangubtlions o pawe culpt dufing exercse s &
opotant behaviours reaponze 10 homeostatio chaleges
o this forms an megre port of a commie catrl
reguealony pROCERK.

I'he ability to accusstely self pace an exercise bout
is an impostan: featwre of race and time. trial
performances ' * Selfpaced exescise bouts ave
known 10 demonstrate  considerable  Intratrial
fluctuations of powes outpus® and it is unlikely
that thiz is almply due to thadom nsisjudgenents
of pace, It is probable that these fluctuations of
poweroutput are important behaviours] responses
curing exercise at Emes when homecstasis is
challenged” However, the [mpoctasce of this

@ J Speres Mar 200043769755 dai10 11 3R 2008 0SE0ES

observaion requires resesichers to consider the
brain as o (central) feature of pacing and the
development of fargue

Until secentiv,* it had commanly been viewed
that exerclse of maximnl ntensity progressively
induced 2 decrease In forre peoduction towands a
termina! endpaint of Eatigue at which the immeds-
250 CESEAION Of eACICISE WAB A DOCESIIY Conse-
gquence” This theocy has often been used o
actribute fatlgue 10 impaired perdpheml muscle
contractife function, through elther cacessive
sccumulation of metabolic  acidosis or  the
depletion of intrnmuscular Fuels ¥ However, such
peripheral fatigue cannot eazly explain all observa-
tinna dwring endurznee exerciae,” in mrticalar
those where pedormance (mproves in the ebd
stages of 3 self-paced exercize bout. ™ *

Several centemporary fesearch studies have
suggested that discreer alterstions in pace ave
mediated through centzal neural control, by
which muscle recrultment b maninulated as part
of a negulstory process to maintain a reserve of
meotor units and thus avaid cazastrophic fatigue**
According to this centzal {governor) model, the
reguiation of exercise Intentity (power output) s s
behaviousa! response to beeh feedback Informa-
tion from pesiphers! receptocs and feedfooward
{anticipatary) mechanisms which regulate exeimise
intensity to avoid the development of bodily
harm' " Consequently, fuctustions in power
output durlng exerciae may be an important
Ieature of o regularory process, based on Informa-
tion from warous pecipheral systems feg, muscle,
resplratacy, metabelic receptons) within a complex
mstaboiic control syatem

Frevious watk has shown biological variation to
be an Ipooant Testure [n gubmaximal exerclse™
However, relatively few studies have thomughly
exgmined both the cymamic physiclogical and
themmocegulatory responses 1o exercise m relaron
10 the cancept of pecing. * * With the development
of fasresponse techoologies, [ 15 now feasible to
examine the concept of pacing ia more dynsmic
expertmental conditions than was previously prac-
ticxl, For exsmple, it 23 passibie that thermoregu-
Ltory facton mich as core and fkin temperatunes
are dynamically related o the perception of effor
during exercise through which alerations in pecing
are linked 10 emperature regiation and/or muscle
rectulsment patterns. Nevertheless, these cumtently
renwing a lack of empirical data in which dynamic
feapanses have been evalunted

]
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We pupose thar the Intertelationshlp between consclous
perceptions of efore (RFE) and subconscions metholic control
(mediing muscle tecultment) will resulr in phvsiolopleally

aful no dom ions of power output' in self
paced exercise, whila enforoed matchad<mensity constant paced
exexise will result in advene physological responses. The sim ol
this study was consequently to compare phyRaiogical responses
1o & S00D m rowing exerciie at & matched [nreasity in which the
partkipants were (1) able to soluntarty Hucsuae power output
{self-paced) while pesforming exerciee at a fixad rating of
perceved exertion (RPE} or (2) were sequimd to ouintain a
matchad-4nteasity fenforoed) constant power output.

Paricipants

Nine bezlthy, well-trmined male participants agread 1o take part
in this study {table 3). All were informed of the procecures in
advance. and informed consent was provided prior to any data
collection. The mudy was approved by the Cental Regions!
Exhical Committee of New Zealand All particpants were
recredtional gymnasium uders, and ech received techakal
advice from a qualified rowing coach on using the towing
erporneter during = 2vweek lamiliarisation period.

Preliminary testing

At the beginning of the sudy, all participants performed &
standardised familindntion teial which consisted of a four-
stage incremental protocol. The initial stage reguired parsicie
pants o work for 4min st RPE 11 (lgh), and each
subsequent sthge incressed in intensity anc decrezsed in time
(3 min: RFE 13 (moderate), 2 min: RPE 15 (hoed), 1 min: RIE
19 (very very hard)). This familiadsstion protecol wes
subseguently used as a standardised priming exercise in cach
of the trials {fig 1).

Rowing ergomnetty was selected a5 a useful exercise mosdality
for this stidy, 83 the power output atsalned {(and effor) from
each rowing stroke during the bowt @an be easily inflzenced by
sensations of fatigue through up- and cownregilation of effor:
when pulling the rowing handie. It 1 therelore highly semitive
w fluctuasions in power duzing the test.

In all condittons, the akr reaistance of the etgometer Dywheel
was standsrdised by using the damper lever to apply 2
predetermined deag (acoe 130 (107 Nms),* ™

On a sepamaze and aubsecuent occasion all participanta
performed an inciemental exercise test W volitional exhaustion
on 3 Coacept Il mowing erpometer (Model [ Cancepr 11,
Taursnga, New Zealand) in our cxercse mbowasory for the
determination of maximal serobic power (Vo; max). Oxygen
uptake (Cortex Met2Max 3B, Cortex Biophysle, Leipeg,
Cermany) and power outpus {Rowlmo v2006 software
Dgital Rowing, Bostan, Masaschuserts] were continuously
monitored stroke-to-stroke Fower output was visilie via the
Concept (| display unis at all times.

Experimental procedures

Each subject compieted three 5000 m mwing trials [a thiee
diffesent experimental conditions in an indivicualised onder,
Condition 1 {Submaxiomal Self-paced using RPE scale; SubRPE)
required the partcipants 1o complete 5000 m az a constan:
atng of percelved exertlon (RPE: 15—Hand), Condition 2
{Submaximal Extemally paced; SubEXT) tequired the pastici-
pants to perform: 000 m a1 8 constant power output equivalent
to the mean power output atteined in the SubRPE conditlon

0

No visunl feedback was provided in the SubRPE condition to
enure subjects self-paced, whlle only stroke-to-stroke powes
output was visthle during the SubEXT condition, snd parsici-
pants reoeved continusl reinforcement to ensure the tequind
power output was attained. A funther experimental conditon
(Maximal Time Trial; MaxTT) was included to disguise the
Lmportance of the two submuimal conditions and 1o cocnpane
intensity of efforts, while ako faclizating an eletment of
randomisstion = the test sequence. Ia the MsxTT tondition,
participanta were Instructed to perforns 5000 m as fast ws
pussible, while strokesso-stroke power cutpat was visibie at 2l
thmes (flg 1).

In the SUbEXT condzion, perticipsnts were decelved to
believe that the requited exercise intensity was basec on 2
consant power output eqivilent to that of ventilstory
threshold attained in the baseline Voymax test. This deception
was conducted (n an artemnt to avoid participania realising thee
the two submaximal efforta In the three tesi serkes were
matched for mean intensity and thus pacing the SubEXT tsial
on thear previous SubRYE efforts.

The exesclse trinls were held at the same thme of the day on
each of the three occasions 1o avold diumal varasions in body
temperatuze, dad wee éach sepemated by approximacely
I week The paricipants were ngructed 0 rfmin from
additional nrganised physical activity during the testing period
and to maintaln habitual exercise rutines The laborstory
temperatune wis standardised at 18°C across all tests while
relatve humidity remained massstent (35-45%). Al oartlc-
pants consumed 3 beverage of water 2 s before the stan of the
et {Sml of water per logmm body mass) w0 easuze
comparable euhydoativn between pasticijants and teials™

Oxygen uptake, heart rate and power output measueremont

Cas cxchange and minute ventilation were continuously
moorded breath by boeath (Cortex MetaMax 38, Conex
Biophysik, Leipzig, Cenmany). The syszem was calibrated before
and vesified after esch rest with standard calibeation gases
Volume expined was measured by & volume mesauring turblne,
which was caiibrated with 7 3 | syringe (Hans Rudolph, Kansas
City, Missoust),

Wheale Bood capillary gamples were doswn Trom the Hnger tp
prioe o exercise and at the immediate cessation of time-trial
perdormances for the analysy of blood lactate concentration
(Lactate Pro, Akray, Kyoto, Japan). Hean rawes (HR} were
continuously recorced (S610;, Folar, Kempele, Finland} shrough.
out all exerelse tests, time-sligaed and avessged Into 30 sintevale

Srroke-totroke power output was sswessed  wing the
RorweFo v2.006 sof tware {Digital Rowing} in conjunction with
the Comcept 11 interface. After each telal, powes outpul wis
time-aligned 2nd averaged inw 30 3 intervals

Maoasuroment of thermoregulatory lactors

Core temperature (7)) wos measused via telemetty from the
intestine wing 3 siliconscoated thermometer mll (CorTempd000,
HQ, Paleeetto, Florids) which was swallowed by o1l particinants
5 b before gxervise to ensure thar & woilld be past the stomach
and insensihle 1o swallowsd hot or enld Iquids The calibration
of the ingestuble pils wes checked pdor to [ngestion a1 four
diffevent temperatises agaings a certified meccury themoneier in
a water bath at tempérstutes tanging from 30°C to 2°C In
accordance with our exclier work, a linear regression equation was
then used to adjust pill measrements®

B Sver st OOTATTRO- N6 doi D 1 135 gern 2008 LOGIHS
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Table 1 Baseline anthropometric and cardiovescular charactorstics of the perticipants

Vo, pesk
Helght mi Weight gl Age fysars) e W 2t Vo pask (i)
Moan (S0 L7 j0nsl TLMGEn % (6 B156 (Z7%) 18541 D 36)

Skin pevpentumes (T, were measued at four sites using
stainless steel surfsce skin themistons (Crant  Logistics,
Cambricge), Temperatures wire recorded continuously through-
out the utlal using A dota Jogeer (SO0 Squirel Data logger,
Guant Logisics}. The mesn body skin temperstuze was caloulased
using the formula previously described by Ramanathan and
others ™ ¥ Mexsurements were saken of T, and T, continuously
throughout the tials in onder to assess dynamic responses to
exetion, time-aligned and then sveraged into 30 s intervals for
comparison with other dynamic exercise data sezs

Moasuwement of surface iEMG
Surfare electrodes (Modi-Trace 23 Form Elertrode, Ketdal
Healihcare, Mansfield, Massachusents) were placed 20 mm
apazt on the belly of the biceps brachd and vastus temlls
muicles, and 3 reference electyode was placed on the latesal
aspect of the siylold process of the mdius ™ * The skin sudace
was cleaned 2nd shaved prior o electrode application in ovder to
avood interference and 1o increase adbesion; all dectrodes were
additenally [usened with medics! sdbesdve tspe As rowlng
mvolves bifateral activasion of the muscles rocondings were
taken from only one side (vght) of the body. Scorea were not
standardised against 2 standard sometsic maximal volzntary
contraction (MVC), as the dynamic nature of the movemen:
pattemn involved in rowing has been previousy shown o elicit
higher peak muscle sEMC in rowing than in the manoeuvie
used to preduce isolated maximal voluntasy contractions ™ In
additien, the plane of movement in rowing &5 difficult o
repucate in MVC conditions, &nd precdal evaluations did aot
support the use of thar technique

LEMGC was teconded during the final 100 m of each 1000 m
petiod usng the Fawer Lab data acquisition system (Fower Lab
AD Ingruments, NSW, Awtralia). Raw scares were digizally

fAltered (band pess Alter; 20 Hz 10 430 Hz), digtised (1 kHe
sampling 1ate) and stored (Chart 5 v555, AD Instruments,
NSW, Australla). Each stroke was visually iWeatified and
quantified usng the yoot mean square (mns) method, sad the
mean of three strokes at tho and of ench 1000 m inerval across
the three triaks was then bawched ot the purposes of siatistical
compatitons

Data analysis
Dynamic variatons attributable to pecing were assessed by the
measurement of oxygen uptake, hear zate and power output
frined from the 50 ¢ time-aligned data seties of each autcome
MEARUTEment

A simple and effective means of derermining time-domain
varieblity s to caleulate the standasd deviation (SD) of esch
data point tie, each 50 & tme-aligned intecval) 33 2 series. Since
vatisnee s mathematically equal to the total power of specimnl
analysis, the SD of the data series refiects all the cyolic
compooents respoasible for vatability in the perod of record-
Ing, In this case the time tial. This metbod of xonlysk is
frequently wsed in the study of hean e variability,” ™ The
sandard deviation for each data series was themeiore used to
provide an overall comparative measire of Synamic time trial
variability (tte) between test conditions wsing the following
outcome mensuremnents: (1) oxymen uptake (VOpqn ), (2) heart
e (HR,) and {3) power output (PO}

Statistical analysis

Ihe sustistical software peckage SPSS (verion 110, SFSS,
Chicago) was used for all siatlstionl analysis. Parametric results
were statistically compared using one-way fepeated-messures
analyses of varance (ANOVA) and pest-hac Tukey tests nf

Condition 1 (SUbRPE): APE 15; salf pacad no visusl feedback of

e M!m::gtmmﬁndbu:“m
known

Condition 3 (MexTT): maximal trisé; stroke-by-stroke PO known

Rasting blood lactate
Finnl chacks !

sf 385¢
i §aES

Final biood lactate
Toweldry —*
Nude weight

Figure 1 Expermert peotecol for the theoe wst sequence of rowing ergomator Higs.
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Honest Significant Differences g8 appropriate. Other comparisons
weve made wsing paired Student © usts Nonpammetsic duta
were asseased usng the Friedman analvsis of varlance and Mann -
Whitney 1) tests Probabdlity vakies of less than 005 weee
consldernd significent. All results am expressed 20 mean (S,

RESULTS

The fastest mean K0 m performance time was observed in the
MoxTT condition, and this was shoret in dutation than both
SubRFE (p=<0.01) and SubEXT (p=<0.01) (table 3). There was no
difference In the performance times of the two submasing]
mascheddntensity trials (SubRPE ané SubEXT) The mean
performance characteristics of Vo, HR, and power output were
not ciffetent besween both submaximal conditions, bur these
were 2]l significantiy elevated in MaxTT (tables 2, 3).

There wete no differences in mean of dynamics of oxygea
uptake or hears rate between the submaximal conditions
{table 3). However, the dyonamics of power output (FO..)
across 1he time-trials showed sgnificantly greater vadability in
SubRFE compared with SabEXT (p<0,01) (table 2), The
vardabllity of power output was further elevated in MaxTT
conditinn compared with boch the submazimal trials (p<0.01)
{table 2).

Mrean Ty, was similar across 2ll three (submaxima! and
maximal) conditions (g 2). The mean T, was aignificantly
‘owes in SubRIE than in both SubEXT [p<(105) nad MaxIT
(p<001) There was no difference in mean T, besween either
SubEXT or MaxTT.

Bls concentrations taken immediately post-exercise were
significantly elevated in SubEXT (62 (SD 2 5) mmol/l) com-
pared with SubRPE (52 (2.2) mmol/) {p=<0.05). Bach submax.
imal Hood lactate reaponses were sigllcantly lowes when
campared with the maximal tral (109 (2.4) mawl/]) (p<0.£1)

Mean IEMC activity nueasured at both the vastus lateralis and
biceps brachll was greater at each 1000 m [aterval in SubEXT
when compared with SubRPE (p<0.05), The mean EMC
activity of MaxTT was sgnificantly higher than both the
aubmaximal conditions at each 1000 m (fig S).

Core tempesatuse wis not cotrelaved with power output i
any exercise condition, while Ty was corelaced with power
output in both submaximal trisls SUbRPE (v = 047; p<001),
SUbEXT (2w 054, pc001) bt not with MaxEXT. Immedinte
post-test evaluntion of REE in the SubEXT condition demon-
strated & tendency for subjects to perceive that condition (RPE:
16 (1L9); p=008) to be more challenging than that of the
prescribed RPE of 15 In the SULRIE conditlon. All subjecta yaved
the MaxTT condition to be of maximal perecived effocs (RPE:
20 100} an the RFE scale.

Scalur evaludtion of 30 3 power ovtout dan sdentified thar all
participants demonstyated & spurt of power (identified a5 =
vigble upward alteration In the trajectary of power output) a1 a

Table 2 andmtmdmmmum
wnmte.nemnmlc

Parformanca tima Pywer watpst

I8} mw e
St 1010 1 G216 (266302 1288 (200113
SubExT 129867 (11090 AR Rr L [FR P AR T0S
MaTT 120689 (2827t 199,04 [20.02) 2090 125511

Signficanty &ternt from Ssbmarimal Seif gaced usng RPE sealk 001,
“Bubmxamal Extermally pacad + o001 Mcenal Tima Tosl <0081
v, Tarw ik varibibay,

xe

Table 3 Mcan and dynamic resporsos of oxygon uptake and heart rate
n the mew«mau conditions

W”Mdhnwmu

Ouygen ugtake Neart rate
(mibgmil W) Ibpert Ll
SRAPE  3SET (L8N ASBIDTZN WA 18T 103 e
SHEXT B8 NEN]  130(0E2) V06 174210 9262 (155
ModT Qe sazio@t T2 (esn sl ass
5 dlorcee v paeed 1sing RPE scala p=0.01;

ol iantly Subreanireal Ser
*Sebmawmal Externalty paced | p<001; M-u&mmupco.u\
12V, Tive ing varkbdey.

smilar stage of their madmal trial (MaxTT) @9 (5)% trial;
range: 81-95% of wial dumtion),

DISCUSSION

The main finding from this study was that, In submxxlmnl
exercise, the enforced cotstant paced condition [SubEXT) posed
xgnificantly grester physiological and thermoreguistory chal
lenges 10 Aomeostaals thon the matched-intensity self-paced
trial despite there being oo difference In  performance.
Specifically, the SYbEXT conditon resulted in elevated mean
core tempertires (poih0]), grester pos-test bood laciate
concentrations (p<0.05) and clevared IEMG activity at bich
ticens brnehil (p<0.05) and vastus lateralis {p<0.01). The mast
likely explanation for this appears 1o be that seif-paced exercise
fnciinates the oppartunity for ndividuals 1o continually modify
effost via feedback and feedforwand mechaniams [n response to
frequent homeoststic challenges. Thus, the greater time trisl
variability of power output (PO} observed (n the SubRPE
condition compared with SUbEXT (p=0.01) may indxate the
presence of & central regulatory mechanism.

The greater varation of PO, in the SubRPE conditon
compawed with SULEXT was ot accompanied by preates
condition-specific variabifity in eithesr Voy or HR. However,
the gmilarity of HR and Vo, between ScbRPE and SubEXT is
logical, as power output is the varable manipulated a3 =
behavioural response (o transient measations of fatigue), and
alterations n both Vo, and HR are tiwrefore consaquent with
that befiaviour, that is they are bath responses to that :hangc o
posver output. This delay in physiological response can amo Le
explamed via times. For pie. it is
well known thas the s of nxvgm uptake In resgponse to
dynamic changes [n work It spproximately 20-25 s among well
trained participants ™ while the tzc of heart rate is appreciably
swes™ Consequently, in self-paced exercise, dynantic vada-
tans in power ot 2re probably too small and frequent for
cither Vo, or heart rate to discreetly follow each alteration. As
noted by other authan,' the importance of such dynamic
responses have of:en been overooked, protebly due to the
relatively  tecent geace of [ast-resp techno!
Neverthelesa, such minor alterations in power output puhlh-\r
lafer a mechanism by which voluntary behaviour (up- or
downregaistion of effort) maintaing 3 constant metabolic
challenge at a sustainable level throughout the bous!
Behsviournl change {oacing) thecefore acts to defend homes
cstasis (e g by defending cote tempersture and bicod pH) and
this process is compromised where self-pacing ia not facilitased.

The greater varability of power output observec in the
maxinsal toial {p<h01) compared witht the submadnn) Lrials wes
a lSwely consecuence of the grester freedom to alter pace in that
condition in comparison with the restricred conditions (fixed RPE
of fixed power output) of the submuxdoal toala It 18 thereore
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Significantly dfferant from;

Submaximal seif-paced using RPE scale p < 0.06%;
Submaximal externelly paced 1 p < 0.051;
Maximal time trial p < 0.082;

Submaximal solf-paced using APE scale p<0.01*%;

Submaximal

externaly paced 1 p<0.011;

Maximal time trisl p < 0,01}

predictable that the maximal tnal would demonstiite greater
variability than the bwo submaximal conditions, Evalustion of the
post-test. RFE scores demonstrated that sabjec
perteve the SubEXT condition (RFE: 16 (1).9) to be mwore
challeaging than the SubRFE condition (seven of the nine subjects
rated it higher thas SubRPE conditicn) but this did not reach
statastical sygnificarce (p = 0.08). Twro of the subjects did not rate
the SubEXT condition to be more challenging than SubRFE
although thetr metabolic sesponses (hlood lactats concentatiors
ard T.) were elevated in the SubEXT condition. Our conclusion
from this observation was el thew tao subjeces were aot able
to vertally express their percepticos of effort ag finely as their
bodies weee able to dutinguiah between the twa submasiosal

Figure 3 Mean EMC ba chart for sach

conditions. The MaxTT condition produced 3 dear (and mare
obviows) digtine oo to RPE evalsation from the bwo sabmaamal
cooditions (p<001) wherhy il subjects mted their efforts as
batng ar the top of the scale. The maximal teisl was incladed in
this study for several Comparative purpedes but most ysefully to
iBentify whether participants were sble 1o distinguish between
working at different levels of exertion ln reeponsde to a 5000 o
rowing exercise test. Participants in this experiment were clearly
able to accomplieh this tagk

Previous studies™ ™ have identified that an end spurt in
petformance tends 1o occur at 9% of task cootpletion, and the
maximal condition in this study was copsisent with those
obsesvations. This appeass v confivm that the inteeased final

04 Significamly different from;
of thres wpenmennl conditions. BE 3
tecaps benchi; YL, vastis Intembs, Submaxdmal seif-pecad using RPE scals p <0.06%;
07 Submaximal extarnaly paced T p < 0.051; *t
Maxima! time trial p <0.062; 13
| W-ﬁmmmm“am‘-
- Submaximal externaly paced T p<001;
Maximal time trinl p<0.013
85 -

” 3
” I .‘ -
0 -_ .-r +

L 3

T |

SubRPEVL SubAPEBS SubEXTVL SubEXTBE MaxTTVL  MaxTT B8
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CONCLUSIONS

This study demonstrates thar sell-pacing exerclse poses &
duced metabolic challenge when compered with matched-
Intensity enforced constant paced submaximal exercise It is
likely that this 5 acributable to the ability 1o voluntarly
flurtuate power output in accardance with tmngent snaations
of fatigue duting the exercise bout. The solunxcy behrviounl
change w fucttate pace i3 therefore a conscious decision based
on aubcomsclows physiologicsl feedback from an army of
periphemal receptors. Extermally paced (enforced pacing) sub-
maximal exercise thereby foroes an individual to sbandon their
own pacing plan and minimises opportunities for self-managing
the eonscious signe of fazlgue. This suggests that pacing s an
lmportant physiological mechanism to mintmise the adverse
conscious sensations of fatigue exp ed during i
wihich enables homenstasls 10 be defended dutlng exercise

What is already knawm on this topic

> U is widely scknowledged that the ubility to sccurstely sell
pace % on arportat festure of race and tine trial

performances,

> ummmmamamzmmww
observed dunng self-paced axercse, which may be sssocated
with systesn contral mechansis.

» A cemral {brain} governor model has been proposed to
mmmuummmmmumm-u
to defend homeostasis via pocing dwing exercise and
consequently avod the development of bodily ham.

What this study edds

» This stody demonsirates that self-pacng exwcse poses 3
reduced metabolic chaflenge when compared with matched-

» The greater volustary Lo trial vaability of power output
observed m 2 sell-paced conditen appears to be o behmvioural
response to metaboke disturbance, thereby resulting in groater
up- ond downregulation of effort with no net loss in

compared with a matchud mtunsity sniorced

constant paced submaxmal condtion

» Use of modem faslresponse lechoclogies dlows a higher
capture rate of both dynamye physiclogical and
thennaregulitory respomses to exercise which ore
bl:-mdwhw“dmuhumo

effort in maximal t7ials s representative of scalar mther than
absoluze pacing” and peovides listle suppont for the concept tha
maximal intensity exercise progresaively induces decreases in
farce procuction toward 2 termina] endpoint of Satigue

No- differences wese seen in Ty scoss submaximal 2nd
maxiteal triale {fig 2, although the Ty of botly SUbRFE and
SubEXT were carrelated with power outpuz (SubRPE: 7= 067,
p<00); SubEXT: r=054, p<0(H] A the tmjectaries of Ty
for both submaxinul trials were similar (ang ajso distinct from
MaxTT), 1t b possdble that T may have acted o sotne way 28 »
regulatory mechanism m the submaximal conditions, but this
was ineffectua: for che maximal condition. whereby an optimes!
tempegsture (platesu) was resched a1 an earier stage due to the
greater physical cost of working in that condition. The mos:
ey explanntioa for the similarity af skin temnperatures
betwern all conditions ia probably that T, progresses towards
an optimal level during laboratory exercise and in the absence of
funiver opportunities for convective cooling becomes ineffectusl
a5 & regulstory system when a steacy state is attained. Further
research needs to be ennducted to confitm this ohservation

It wag anticlpated thiat the MaxTT condition would result In
signibicantly fastes performiances compared with the submax-
imal trialy, but the similasity of physiological responses between
SUbEXT and MaxTT provides fursier evidence of the greater
metabolic challenge of externully paced submaximal work i
compartson with self-paced cxercise. Indeed, whese the abillity
w0 =lf pace is denled, the metabolic chalkenge progresses toward
a siellar level to that of maximal exercise

M

To our knowledge, this study is the fiest w0 thoroughly

eamine both the curdiorespizsocy pod thermoregulatory
mesponses to towing performance in relation to matched-
Intensivy sell- and exvernally paced conditions Further work
13 now requited to establish svhether this effect i consistent
across mote dvaatnic exercise challenges
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Evidence of research training programme completion.

Patrick Lander Mrs Sarabijit Bissas on Behalf of Professor Cariton Cooke
Carmnegie Faculty

Loughborough Leeds Metropolitan University
Leicestershire Room GO4 Macauley Hall
Leeds, UK

155305

Tel: 0044 (0}113 8120000 extn: 26521
E-mail Address: s.bissasieedsmet.ac.uk
Fax: 0044 (0} 113 2745966

19" October 2010
Dear Patrick

Faculty Research Committee
Outcome: Application for Approval of Research Training Programme - APPROVED
Held: Wednesday 13™ October 2010

| write to inform you that the Faculty Research Committee duly considered Paper
FRCA-2010-010, this being your application for approval of the Research Training
Programme which you have undertaken alongside your doctoral studies.

Following due consideration the Committee resolved to APPROVE your Research
Training Programme, The Committee further noted that a good location of evidence
to support your application which you have presented to Dr Athanassios Bissas,
Research Awards Co-ordinator who has considered this and duly signed the
Assessment Record sheets.

A copy of the Research training Programme: Assessment Record is enclosed for your
file.

Should you have any concerns please do not hesitate to contact the Chair, Professor
Richard Light or the Committee Secretary Mrs Sarabit Bissas.

Yours sincerely

Professor Carlton Cooke
Chair of Faculty Research Committee

e
Dwrector of Study: Dr Raon Butterly
Fie: 19/10/2010
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