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ABSTRACT

The aim of this thesis was to directly test the key underpinnings of recent propositions for systems of central control of exercise regulation. Fatigue and exercise tolerance have traditionally been explained through peripheral mechanisms, such as excitation-contraction coupling failure and the inability to supply sufficient metabolic substrate to contracting muscle in order to meet increasing energy demand. More recently, models of central control, which are proposed to regulate exercise intensity in an anticipatory/feedforward manner, with the ultimate aim of avoiding physiological ‘catastrophe’, have received a great deal of attention. This thesis investigated several of the key requirements and mechanisms stated in these models. 

The central governor model (CGM) and teleoanticipation are stated to use a combination of prior experience and distance knowledge of an exercise bout to work in a feedforward manner, so that a pacing strategy is set before exercise commences which ensures the bout is completed in an optimum time but in the absence of premature fatigue. Study one examined the influence of distance knowledge, prior experience and distance feedback on the setting and regulation of a pacing strategy in 4 km time trial (TT) cycling in trained cyclists (n = 18). When performing 4 × 4 km TT intervals, it was found that prior experience of the exercise (in the absence of distance feedback and distance knowledge) allowed the creation of a pacing strategy that produced a performance which was as competitive as cyclists who were provided with prior experience, distance knowledge and distance feedback. The difference in TT completion time between groups (CON = feedback group, EXP = no feedback group) was reduced with subsequent TT (CON TT1 367 ± 21 s; EXP TT1 409 ± 45 s; CON TT2 373 ± 19 s; EXP TT2 389 ± 30 s; CON TT3 375 ± 18 s; EXP TT3 383 ± 26 s; CON TT4 373 ± 20 s; EXP TT4 373 ± 14 s), so that by the final TT, completion time between groups was almost exactly the same. It was concluded that when sufficient prior experience is attained in the absence of distance knowledge and feedback, a successful pacing strategy can be set.


In order for pacing to be set prior to an exercise bout and adjusted in a feedforward/anticipatory manner during exercise, an internal mechanism must exist which monitors the passage of time. Study two examined the accuracy and robustness of this ‘internal clock’ by assessing cyclist’s (n = 16) ability to gauge the distance they had cycled during repeated 4 km and 6 km TT. The internal clock was shown to be inaccurate to absolute measures of distance, but showed a calibration capacity following experience of a TT of unknown distance (24.6 ± 18.2 % error in distance judged completed vs. 8.2 ± 5.5 % error in distance judged completed). This process was fragile and occurred in the absence of any significant performance improvement. It was concluded that relative quantities appear more important in creating a pacing strategy, and that times are of greater importance than distances.


Study three examined the influence of comparative performance feedback in a field setting in 4 km track TT cycling in trained cyclists (n = 5). Correct feedback produced a significantly faster TT time (t4 = -3.10, p < 0.05) than non-contingent feedback (341 ± 8 s vs. 350 ± 12 s), with differences in mean lap speed apparent between the conditions at the start of the TT (t4 = 4.71, p < 0.05) and at the end of the TT (t4= 3.45, p < 0.05; t4 = 3.30, p < 0.05). The study provided empirical support for the assumption that performance feedback is advantageous during exercise and provided insights into past and present exercise comparison and its role on the setting of a pacing strategy.


A central component of the CGM and theories of central exercise regulation is the role of afferent feedback during exercise and the premature termination of exercise before a true maximum intensity has been reached. Study four used acetaminophen to blunt cyclists’ (n = 13) pain response during ten mile (16.1 km) TT in order to disrupt the afferent feedback processes. When using acetaminophen, cyclists produced significantly faster (t12 = 2.55, p < 0.05) TT completion times (1575 ± 96 s) than under a placebo condition (1605 ± 122 s). When using acetaminophen, cyclists had a higher power output during the middle section of the TT (F1, 12 = 4.79, p < 0.05), yet showed no significant difference in RPE (F1,12 = 0.72, p > 0.05) or pain scores (F1,12 = 0.30, p > 0.05). It was concluded that acetaminophen reduced levels of pain during the TT, thereby disrupting the comparative afferent feedback mechanism and allowing cyclists access to a ‘metabolic reserve’.


The research presented has advanced our knowledge and supported propositions of models of central control and regulation during exercise. The research has provided further insight in the role of prior experience, distance knowledge, distance feedback, the internal clock, performance feedback and afferent feedback on the setting and maintenance of a pacing strategy in 4, 6 and 16.1 km TT cycling. 
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CHAPTER ONE

INTRODUCTION

The British Olympic track cycling team enjoyed unprecedented success in the 2008 Beijing Olympics, winning a total of fourteen medals, comprised of eight gold, four silver and two bronze (prior to The Games, the Team GB cycling’s medal target was six). The performance of the British cycling team was unmatched by any other discipline and as a result the British Government pledged to allocate up to £300 million to athlete preparations for London 2012. This focus and support will provide an excellent basis for Great Britain to continue to dominate cycling based events in further international competitions and consequently spark further interest in the sport amongst the public. Indeed, the popularity of recreational cycling has increased significantly in recent years, led largely by Local Authorities introducing a number of schemes to encourage the public to use bicycles for both commuting and leisure. With an increase in fuel prices, introduction of cycle routes and emphasis on reducing carbon emissions, this is likely to increase further. 

1.1 Overview of cycling as a sport

Competitive cycling is a complex sport, with races lasting from as little as a few minutes up to as long as three weeks (Lucia, Hoyos and Chicharro, 2001) and requiring use of both aerobic and anaerobic energy systems (Faria, Parker and Faria, 2005). Optimal performance occurs when the power supply from all available energy sources is efficiently harnessed to maximise speed over the race distance (Olds, Norton, and Craig, 1993). The cyclist must produce a power output (PO) sufficient to overcome aerodynamic and rolling resistances (Faria et al., 2005), whilst enduring high levels of metabolic stress and peripheral discomfort (Abbiss and Laursen, 2005). 

Perhaps the simplest and ‘purest’ form of cycling competition is the time trial (TT), where race format is of closed loop design, whereby cyclists individually ride a known given distance in the shortest possible time (Padilla, Mujika, Orbananos et al., 2000). In these competitions there are no ‘breaks’ from the pack, no drafting and no overtaking manoeuvres that take place, meaning performance is directly related to the athlete voluntarily pushing themselves to a physiological limit, with few confounding factors to intervene (de Koning, Bobbert and Foster, 1999). This means that success in races of this sort is often dependent on the pacing of the cyclist. In athletic competition a pacing strategy involves the variation of speed and the regulation of energy expenditure. The success of a pacing strategy is determined by the ability of an athlete to appropriately regulate their energy expenditure (PO) over the course of the race so as to avoid premature fatigue but also complete the event in optimum time (varying speed). There have been a number of investigations which have examined the physiological (Balmer, Davison and Bird, 2000; Jeukendrup, Craig and Hawley, 2000; Lucia, Joyos and Chicharro, 2000), environmental (Kay, Marino, Cannon et al., 2001) and biomechanical (de Koning et al., 1999; Jeukendrup et al., 2000) factors relating to TT performance. All these variables have been shown to play a significant role in performance, with the most important being maximal maintainable power and aerodynamics (Candau, Grappe, Menard, 1999; de Koning et al., 1999; Jeukendrup et al., 2000). Maintaining a high PO for prolonged periods is mediated by the ability to resist or delay fatigue, of which, pacing is a vital tool. Despite this, there is still disagreement over the predominant systems or events that cause fatigue in athletes (Baker, Kostov, Miller and Weiner, 1993; Cady, Jones, Lynn and Newham, 1989; Kent-Braun, 1999; Noakes, St Clair Gibson and Lambert, 2005; Wilson, McCully, Mancini, Boden and Chance, 1988).

1.2 Overview of fatigue

Two main theories exist that describe the origins of fatigue. The most popular theory is termed peripheral fatigue and can be defined as fatigue produced by changes at, or distal to, the neuromuscular junction (Gandevia, 2001). This theory focuses on causative factors such as metabolic inhibition of the contractile process and excitation-contraction coupling failure via accumulation of intramuscular metabolites, although the particular metabolite(s) that have the most important role are disputed (Baker et al., 1993; Cady et al., 1989; Kent-Braun, 1999; Wilson et al., 1988). 

The other postulated origin of fatigue is from a supraspinal or spinal level, otherwise termed central fatigue (Gandevia, 2001). Central fatigue can be defined as a reduction in neural drive to the muscles, resulting in a decline in force production or tension development that is independent of changes in skeletal muscle contractility (Enoka and Stuart, 1992). As with the peripheral theories of fatigue, a number of mechanisms have been proposed which bring about central fatigue. Changes in brain chemicals such as serotonin (Meeusen, Watson, Hasegawa, Roelands and Piacentini, 2006) have attracted attention, yet it is the adaptation of a much older theory which has received greater interest, and as a result has been the focus of much recent research. It was A.V Hill who originally proposed the idea of a ‘governor’ in either the heart or the brain (Hill, Long and Lupton, 1924) which would reduce the pumping capacity of the heart during the period of myocardial ischaemia (although myocardial ischemia exists in a medical context, coronary artery disease, angina etc, whether it is actively avoided, or indeed possible, during exercise through a ‘governor’ is yet to be shown), thus reducing the risk of myocardial damage. This component however, has largely remained absent from subsequent explanations of Hill’s original model of peripheral fatigue.  The protective function of central control over peripheral systems, although not a new idea, has been largely ignored in favour of concentration on peripheral theories (Bigland-Ritchie and Woods, 1984; Noakes, 2000).  It was not until 1996, when Ulmer proposed his theory of teleoanticipation that this area received a sudden increase in attention. Ulmer (1996) theorised that prior to an exercise bout, the body ‘anticipates’ the optimal arrangement of exertion, which serves to avoid early exhaustion before reaching a finish point. Thus, the importance of the knowledge of exercise end-point is stressed. Ulmer proposed that there must be a ‘central programmer’ which focuses on the finishing point of the task and works backwards from that point when regulating optimal metabolic rate and motor output.  

More recently, a new model of central fatigue has been proposed, termed The Central Governor Model (CGM), which is based on teleoanticipation. It is hypothesised that physical activity is controlled by a central governor (CG) in the brain, which interprets fatigue as a sensation, based on afferent feedback from the periphery. The governor then adjusts skeletal muscle motor unit recruitment, which is manifested in a continuously refining pacing strategy, with the primary aim of avoiding physiological ‘catastrophe’ (Noakes et al., 2005). This ‘black box calculation’ or neural integration of peripheral afferent information is influenced by such factors as prior experience and training (St. Clair Gibson and Noakes, 2004).

Following the conception of the CGM, two other theories of central regulation of exercise intensity arose. Amann, Proctor, Sebranek, Pegelow and Dempsey (2009) propose a similar system of central control, whereby peripheral fatigue is monitored by the central nervous system (CNS), which alters central motor drive (CMD) to limit the level of peripheral fatigue development, thus avoiding intolerable levels of effort/pain perception and/or excessive muscle dysfunction. In contrast, Marcora (2008) proposes a Psychological-Motivational model. In this paradigm, task disengagement, or a reduction in intensity, occurs when intensity is equal to that which the exerciser is either willing to exert, or when continuation at the same intensity is deemed impossible. 
The majority of evidence that is used to support teleoanticipation and the CGM comes from exercise in environments such as heat (Nielsen, Hales, Strange, Christensen, Warberg and Saltin, 1993; Nybo and Nielsen, 2001; Tucker, Rauch, Harley and Noakes, 2004) and at altitude (Calbert, Boushel and Radegran, 2003; Noakes, Peltonen and Rusko, 2001; Noakes et al., 2005; Peltonen, Tikkanen and Rusko, 2001). Further research emphasises the importance of RPE to the setting of a pacing strategy (Albertus, Tucker, St Clair Gibson, Lambert, Hampson and Noakes, 2005; Ulmer, Schneider, Neumahr and Freitag, 1996). However, in these examples, ecological validity has been limited due to PO either being fully or partly dictated by the protocol. Evidence for teleoanticipation can also be found in some studies where exercise has been self-paced (Ansley, Robson, St Clair Gibson and Noakes, 2004a; Ansley, Schabort, St Clair Gibson, Lambert and Noakes, 2004b; Nikolopoulos, Arkinstall and Hawley, 2001; Rejeski and Ribisl, 1980; Zohar and Spitz, 1981). However, some of these studies have been limited by, or lack comparability, due to poor statistical power (Nikolopoulos et al., 2001), or by methodological features including differences in the predominant energy system stressed (Ansley et al., 2004a); variability in the distance completed (Ansley et al., 2004b); and differences in exercise modality (Rejeski and Ribisl, 1980).  These issues make comparisons in data difficult to elucidate.

1.3
General issues with previous research

Although the importance of distance knowledge, feedback and prior experience is heavily stressed in the theories of the CGM and teleoanticipation (Noakes et al., 2005; Ulmer, 1996), there is limited research that focuses on these factors, and their role in the setting of a pacing strategy. In order to provide stronger scientific grounding for these theories of central fatigue, empirical research should concentrate on explaining the principal components of the model. Athletes in competitive situations are not constrained by fixed cadences, PO or intensities based on VO2, and this should therefore be taken into account in studies investigating this phenomenon. Indeed, it is when choice is available to the athlete during an exercise bout that teleoanticipation would be most apparent – cyclists will attempt to complete a race in the most efficient (balance between high PO and rate of fatigue) manner possible (this will be dependent on factors such as race distance, topography, temperature etc.), and this may mean changes of gear, cadence, end sprints and periods of reduced speed. By allowing these events to occur, it is possible to concentrate on those factors that underpin teleoanticipation and the CGM. The role of afferent signallers (such as B[La], Pi, K+, H+ or core temperature) in the regulation of energy expenditure, whilst being a key component to the CGM, are rarely given primary attention in the literature. Indeed, due to their importance, it is these processes that may hold the real key to greater understanding and application of the CGM. Thus, further research with a primary aim of identifying or explaining their role is warranted. This may be achieved through the monitoring of particular afferents during exercise and their correlation with PO. Alternatively, manipulating the level of, or tolerance to, a particular afferent could provide further insight.

If exercise intensity, and thus performance, is regulated so that it is never reaches a maximum, then research into these controlling mechanisms could provide insight and further understanding, with an ultimate application of helping athletes reach their potential. It seems as if researchers have proposed the existence of teleoanticipation and the CGM, yet have somewhat ‘jumped the gun’ in that basic supporting empirical evidence has yet to be provided. Rather than focussing on the fundamental components of the CGM and teleoanticipation, research has concentrated on further aspects of the model, which serve to complicate, rather than strengthen its grounding. This, coupled with the fact that the theory itself is extremely difficult to test, due to the role of the brain, lack of non-invasive methods and the role of metabolites in both peripheral fatigue and the CGM, has led to much criticism over its credibility (Hettinga, De Koning, Broersen, Van Geffen and Foster, 2006; Shephard, 2009; Weir, Beck, Cramer and Housh, 2006). Rather than concentrate on refuting theories of peripheral and central fatigue, research should focus on how the relationship between the two brings about fatigue. 

1.4 Objectives of the Thesis

The overall aim of the thesis is to provide further evidence for some of the key tenets of the CGM and teleoanticipation that have previously escaped study. Specifically, to provide evidence for the influence of the CGM and teleoanticipation on the setting and maintenance of a pacing strategy in TT cycling, and their role in the development and perception of fatigue. Thus, the overall objectives of the thesis are:
-
To establish how an athlete may construct an exercise ‘template’;

-
To further current understanding of how an athlete judges time and distance during an event;

-
To investigate the role of performance feedback on pacing;

-
To provide further insight into the role of afferent feedback on the maintenance of a pacing strategy.

CHAPTER TWO

LITERATURE REVIEW
2.1 

Cycling
2.1.1

Determinants of success

Cycling is a highly complex sport, takes places at a high velocity (depending on the event), and can be held in varied terrains and environments. Physical resistive forces caused by the race environment (e.g. hills, wind, surface) therefore impact upon cycling power and velocity. These resistive forces will influence many factors, including, but not limited to; bike design, use of particular bike components, rider position, training programme design and nutritional strategies. Figure 2.1 presents how these factors may be connected with the physiological ability and pacing strategy of a cyclist. It is acknowledged that these variables exert an influence on cycling performance, but it is beyond the scope of this thesis for them to be fully considered and therefore the reader’s attention is directed to several reviews that detail the influence of these factors on cycling performance (Atkinson, Davison, Jeukendrup and Passfield, 2003; Atkinson, Peacock, St. Clair Gibson and Tucker, 2007; Faria et al., 2005a; Faria, Parker and Faria, 2005b).
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Figure 2.1 Diagram showing the various factors that influence cycling PO and speed (Redrawn from Atkinson et al., 2003, p. 768).

Despite cycling being a highly varied sport, it is predominantly endurance based (with the exception of 200 m and 1 km sprint events), and even with events lasting as little as five minutes, maximal aerobic power (VO2max) is a strong predictor of performance (Passfield and Doust, 2000). The other major physiological variables that are correlated to cycling performance are muscle fibre type, lactate threshold and cycling efficiency (Atkinson et al., 2003; Atkinson et al., 2007). 

Aerobic Power

There is substantial evidence demonstrating that successful professional cyclists possess high VO2max values (70-85 mL∙kg-1∙min-1) (Coyle, Feltner, Kautz, Hamilton, Montain, Baylor, Abraham and Petrek, 1991; Lucia, Pardo, Durantez, Hoyos and Chicharro, 1998), with highest values being observed in specialist ‘climbers’ (Mujika and Padilla, 2001). However, this measure is frequently found to be similar between highly trained and elite cyclists (Lucia et al., 1998), and thus does not explain the differences in performance. In these instances, a better predictor of performance has been found to be the PO produced at VO2max, which has been shown to be a strong predictor of 20 km TT performance (r = -0.91; Hawley and Noakes, 1992). Therefore, researchers tend to use the term ‘aerobic power’ (Atkinson et al., 2003) or ‘Wpeak’ (Faria et al., 2005a) as the highest PO achieved during an incremental ramp test to exhaustion. Maximal PO in these instances typically range from 350 W to 525 W for elite cyclists (Lucia et al., 2001a). This criterion should be used with caution however, as the protocol used during testing can influence the maximal PO achieved. This highlights the need for a common protocol to be used (Faria et al., 2005a).

Lactate Threshold
The validity of the relationship between this variable and cycling performance is confounded by the multitude of different terms used to describe an intensity of exercise measured at a certain physiological threshold. Lactate threshold (LT1), which is defined as exercise intensity that elicits ~1 mmol∙L-1 increase in blood lactate concentration above the baseline value (Spurway and Jones, 2007) has also been described as LT1, aerobic threshold and anaerobic threshold. Lactate turnpoint (a second sudden and sustained increase in blood lactate during incremental exercise) has been shown to be a good approximation of work rate at maximal lactate steady state (MLSS) (Smith and Jones, 2001; Pringle and Jones, 2002), which is defined as the highest work rate at which blood lactate is elevated above baseline but is stable over time (Spurway and Jones, 2007). However, it has also been confused with LT2 and onset of blood lactate accumulation (OBLA). Despite this confusion in terminologies, what is clear is that a high threshold, however defined, is a factor in superior performance, and exercise intensity at this threshold is virtually always a better predictor of performance than VO2max.

Cycling Efficiency

The measure of effective work, this value is commonly expressed as the percentage of total energy expended that produces external work (Moseley and Jeukendrup, 2001). Lucia, Hoyos and Perez (2002) observed that mechanical efficiency increased with rising intensity in professional cyclists. Therefore, professional cyclists acquire high cycling efficiency allowing them to sustain extremely high PO for extended periods of time, resulting in considerable resistance to fatigue in recruited motor units at high submaximal intensities (Faria et al., 2005b). Gross mechanical efficiency in cycling has been reported to be between 18 and 26 % in well trained male cyclists (Coyle, Sidossis, Horowitz and Beltz, 1992), and between 24.4 and 28.8 % in professional cyclists (Lucia, Hoyos, Santalla, Perez and Chicharro, 2002a).

Muscle Fibre Type
The utilisation of high cadences (> 90 rev∙min-1) by professional cyclists has been suggested to not minimise oxygen uptake, but rather minimize force per pedal stroke (Lucia, Hoyos and Chicharro, 2001b). This would suggest that is necessary for endurance cyclists to have or attain a very high proportion of type I muscle fibres (Coyle et al., 1991; Lucia et al., 2005b; Lucia, Rivero, Perez, Serrano, Calbet, Santalla and Chicharro, 2002b) or, a low proportion of type IIx fibres (Lucia et al., 2002b) so that the reduced force during pedal strokes minimises recruitment of type II fibres (Ahlquist, Bassett, Sufit, Nagle and Thomas, 1992). Evidence suggests that preferred cadence of trained cyclist’s increases with PO, so that during TT at ~90 % VO2max cadences in excess of 93 rev∙min-1 are observed. 

Oxygen Uptake Kinetics


In shorter duration cycling (4 km – 16.1 km) the rate at which VO2 increases at the start of exercise may be an important determinant of exercise tolerance and performance. Having a faster VO2 response during the onset of a TT will lead to a greater contribution of oxidative phosphorylation and possibly a reduced reliance on anaerobic glycolysis (Jones and Burnley, 2009). This may have implications for rate of muscle fatigue development and therefore the observed sprint finish in many cyclists. By measuring the time constant (τVO2) of the VO2 response, the rate of increase of VO2 can be quantified. Caputo and Denadai (2004) showed that trained athletes have shorter τVO2 than untrained, which may reflect differences in central oxygen delivery, muscle blood flow and the ability to accelerate muscle oxidative metabolism.

2.1.2 Road cycling
The term 'road racing' is usually applied to events where competing riders start simultaneously (unless riding a handicap event) with the winner being the first at the end of the course. A mastery of technical skills, such as drafting or the ability to avoid crashes are extremely important in these types of race. The professional race season lasts from late winter (mid-February) to the end of summer and comprises a total of 90 to 100 competition days. During the year, it is approximated that 30,000-35,000 km are cycled by professional cyclists in training and competition (Lucia et al., 2001a). Races last from one day (‘Classics’ of ~250 km) to three week tours (Grand Tours) made up of numerous daily stages. During these stages the competitor with the lowest cumulative time to complete all the stages is usually declared the overall winner. Stage races will also be made up of TT races in which cyclists race alone against the clock. In these examples competitors are not permitted to draft and any help between riders is forbidden. The rider with the fastest time is declared the winner. Amateur cyclists will generally compete in shorter road races and time trials (10, 25, 50 and 100 miles) rather than stage races. 

2.1.3 Track cycling

Track cycling is a generic term for all events that take place indoors and outdoors on a banked, hard surfaced track (wood or cement) which normally has a circumference of ≤ 333 m. Track cycling can be divided into two main categories: sprint (< 1000 m) and endurance (> 1000 m) races. These events are naturally subject to fewer variations in the physical characteristics of the environment (particularly in an enclosed velodrome) than in road cycling. Therefore, gradient, wind speed, ambient temperature, barometric pressure, altitude and condition of the riding surface are all relatively stable. As such, the relationships between physiological effort, PO and cycling velocity are strong in such events, which enables pacing strategies to be imposed and monitored using split times during the TT (Atkinson et al., 2007). Additionally, a TT that is held in the similar stable environment of a laboratory is externally valid to track racing. At the recent Beijing 2008 Olympic Games, track cyclists competed in the following events: men’s (4000 m) and women’s (3000 m) individual pursuit, men’s team pursuit, men’s and women’s individual sprint (200 m), men’s team sprint, men’s and women’s points race, men’s Keirin and men’s Madison. Unlike road cycling, where most competitive events are performed at submaximal exercise intensities and PO (Jeukendrup et al., 2000), the medium duration track cycling events require the rider to tax maximally both the aerobic and anaerobic pathways (Craig, Norton and Bourdon et al., 1993). 

2.1.4 The Computrainer ergometry system

Overview

The Computrainer (Seattle, WA, USA) is a cycle ergometer that provides resistance to the rear wheel of a bicycle through an electronic load generator. The Computrainer system allows the use of an athlete’s own bike by attaching the rear sprocket to a ‘turbo’-type rear stand and moving the electromagnetically-braked fly wheel into contact with the rear tyre (see Figure 2.2). 
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Figure 2.2 Computrainer electromagnetically-braked training device designed to allow cyclists the capability of mounting their own bicycles.

High level and elite cyclists spend thousands of pounds on the ‘set-up’ of their own bike, ensuring that optimal joint angles are created through the use or adjustment of particular components. The biomechanics of a bike and the resultant rider position is a large determinant of cycling performance (Burke, 1986; Gregor and Conconi, 2000) and therefore, the use of an athlete’s own bike during laboratory testing may well be preferable to traditional cycle ergometers when testing trained cyclists. 

Functions

The Computrainer has two workable modes: Firstly, a ‘Stand Alone Mode’, where a fixed PO is selected so that the cyclist may vary cadence and the load exerted on the back tyre by the electronic load generator is adjusted automatically. Secondly, an ‘External, PC-based Computrainer Software Operation Mode’, where the Computrainer runs through PC software, creating a virtual reality display of the rider on a course (See Figure 2.3). In this mode, the gearing and cadence selected by the cyclist results in a variable PO and speed, allowing a road style TT to be simulated. 
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Figure 2.3 Computrainer electromagnetically-braked training device in ‘External Mode’.

Calibration

Prior to engaging either of the two Computrainer modes, the manufacturers recommend a standard calibration procedure to be performed (‘rolling calibration’). This involves the cyclist warming-up the rear tyre and load generator by cycling at ~150 W for a period of ten minutes. Following this, the cyclist accelerates the system up to a speed of 25 mile∙h-1 and then free-wheels for a standard calibration figure to be registered. It is recommended that this procedure is repeated until the calibration figure remains stable. 

Incidence of use

The Computrainer system is used worldwide, by individual cyclists and teams. Both USA Triathlon and USA Cycling test and train their team athletes with the Computrainer system. The system is also beginning to be used widely in research due to its allowance of the use of a cyclists own bike and the variety of simulated environmental changes such as course topography and wind speed (Atkinson and Brunskill 2000; Chaffin, Zuniga and Hanumanthu. 2008; Micklewright, Papadopoulou, Swart and Noakes, 2009; Swart, Lamberts, Lambert, St. Clair Gibson, Lambert, Skowno and Noakes, 2009). 

Validity and reliability

Despite the use of the Computrainer becoming more popular amongst researchers, there are comparatively few studies investigating its reliability and validity. Cane, Seidman, Sowash and Otto (1996) compared metabolic responses from a graded exercise test on a Computrainer and a Lode ergometer. Between intensities of 100-300 W, at a cadence of 85 rev·min-1, no significant differences were found in relation to VO2, VE, RER, RPE or HR. However, Earnest, Wharton, Church and Lucia (2005), compared differences in energy cost at different work rates for the Computrainer and Lode ergometer. The authors found peak values such as HRpeak and VO2peak to be reasonably agreeable (4-8 % CV) between the graded exercise tests on the different ergometers, however, POpeak, time to exhaustion, ventilatory threshold and respiratory compensation threshold were significantly different. The authors concluded that results from the Lode ergometer should not be directly transferred to Computrainer systems. They further suggested that athletes may actually test on the Computrainer apparatus itself. However, despite testing the reliability of the Lode ergometer, the authors did not test the reliability of the Computrainer, and furthermore, did not evaluate or state whether they completed the manufacturers recommended calibration protocol. McGregor and Rivera (2005) and Rivera and McGregor (2005) compared the Computrainer and Power-Tap power meter for both reliability and validity in incremental, steady-state and sprint tests. The Computrainer was found to be a valid and reliable measure of PO in incremental, steady-state and sprint-based exercise. Davison, Corbett and Ansley (2006) found that when the Computrainer system is properly calibrated, through the manufacturers recommendations, it provides an accurate and reliable measure of PO, being only slightly different to that recorded by an SRM Training System (< ~5 W). However, this comparison was only performed at the submaximal (for trained cyclists) intensity of 200 W. Guiraud, Leger, Long, Thebault, Tremblay and Passelergue (2008) compared the PO on the Computrainer system to actual PO generated from Prony type brake dynamometer. The authors found that the Computrainer reliably underestimated PO by ~30 W at a variety of wattages and cadences. However, in this study, a Computrainer Pro model was used, whereas the Computrainer Lab model is calibrated before shipping via the manufacturer’s dynamometer and therefore is stated to have a higher degree of accuracy. Prior to completing any studies on participants, we completed an in-house calibration of the School of Sport and Health Sciences own Computrainer Lab model, using a Portable Calibrator (Portable Calibrator 2000, Lode BV, Groningen, Netherlands). This in-house calibration found that the Computrainer accurately and reliably measured PO at the PO and gear ratios associated with competitive cycling. Results from this in-house calibration study are shown in Appendix B.

2.2 Pacing Strategies
Where the time to completion is the measure of success in an event lasting longer than 60 seconds the difference between winning and losing will often come down to the pacing strategy utilised by the athlete (Foster, Snyder, Thompson, Green, Foley and Schrager, 1993). An initial intensity that is too high may limit achievable PO in the later stages of the race or result in the athlete tiring early and faltering in the final stages, whereas too low an intensity early on may result in the athlete having energy to spare at the end of the event and thus underachieving. A pacing strategy has been defined as the variation of speed over the race by regulating the rate of energy expenditure (Hettinga et al., 2006). The success of a pacing strategy is determined by the ability of an athlete to appropriately regulate their energy expenditure (PO) over the course of the race so as to avoid premature fatigue but also complete the event in optimum time (varying speed). Therefore, pacing is directly related to rate of development of fatigue and performance. Despite this, there is still disagreement over the predominant systems or events that cause fatigue in athletes (Baker et al., 1993., Cady et al., 1989., Kent-Braun, 1999., Noakes et al., 2005., Wilson et al., 1988).

2.3 Fatigue
It is tempting to assume that a relatively simple word like ‘fatigue’, whilst it may be understood differently by the lay-public and physiologists, has an agreed meaning amongst the latter. Two clear definitions of fatigue emerge from these groups, one that sees fatigue as an ‘event’ and the other which sees fatigue as a ‘process’. Therefore, when applied to muscular exercise, fatigue can refer to the failure to maintain the required or expected force (Edwards, 1981), or, failure to continue working at a given exercise intensity (Booth and Thomason, 1991). These perspectives suppose that fatigue occurs suddenly (i.e. when force or intensity drops below that which is required), hence the phrase ‘to reach a point of fatigue’. The force generating capacity of the muscle starts to decline after the onset of exercise and develops progressively before the muscles fail to perform the required task (Gandevia, 2001). Therefore, a more appropriate definition of fatigue is any exercise-induced reduction in the ability to exert muscle force or power, regardless of whether or not the task can be sustained (Bigland-Ritchie and Woods, 1984). A further addition that should be considered when defining fatigue is that there exists not only a physiological or pathological state in which muscles perform below that expected, but also a symptom whereby fatigue occurs in the absence of no obvious defect in muscle performance (Gandevia, 2001). Therefore, fatigue incorporates both a peripheral and a central component. Therefore, as a holistic bodily system, the occurrence of fatigue is a highly complex issue, and during physical activity multiple factors are almost certainly involved (Fitts, 1994). For example, fatigue experienced during high-intensity short-duration exercise is surely dependent on different factors from those precipitating fatigue in endurance activity. It is well beyond the scope of this thesis to fully explain and consider all the theoretical mechanisms of fatigue, therefore a relatively brief overview of the most popular theories of peripheral fatigue (section 2.5) and central fatigue (section 2.6) will be covered in the literature review with a greater emphasis being placed on central control, effort regulation and the avoidance of fatigue during endurance exercise. For an excellent and in-depth discussion on mechanisms, readers are directed to the following papers (Allen, 2009; Ament and Verkerke, 2009; Fitts, 1994; Gandevia, 2001).

2.3.1 Peripheral Fatigue

Peripheral fatigue can loosely be defined as fatigue produced by changes at, or distal to, the neuromuscular junction (Gandevia, 2001). A V Hill (1924) originally theorised that an inadequate supply of oxygen to the heart produced a myocardial ischaemia that limits the maximal cardiac output. He proposed that once this limitation was reached, skeletal blood flow was inadequate to match the increasing skeletal muscle oxygen demands posed by a continuously increasing force output. The resulting skeletal muscle ‘anaerobiosis’ caused by a lactic acidosis that impaired skeletal muscle relaxation, ultimately terminates exercise (Hill, 1924). Since this initial proposition, theories of peripheral fatigue have generally focused around causative factors such as; metabolic inhibition of the contractile process and excitation-contraction coupling failure (Baker et al., 1993., Cady et al., 1989., Kent-Braun, 1999., Wilson et al., 1988) or accumulation of intramuscular metabolites, although the particular metabolite(s) that have the most important role are still yet to be agreed upon (Baker, 1993., Cady, 1989., Kent-Braun, 1999., Wilson, 1988). Table 2.1 summarises the possible exercise-associated peripheral mechanisms of fatigue.

Table 2.1 Summary of the possible sites of exercise-associated peripheral fatigue (Ament and Verkerke, 2009).

	Changes in the internal environment

	During exercise, work rates above the point of OBLA, changes in the internal environment (blood, extracellular fluid) include:

	1. Accumulation of lactate and hydrogen ions

	2. Accumulation of ammonia

	3. Accumulation of heat

	Changes within muscle fibres

	1. Accumulation of Pi in the sarcoplasm

	2. Accumulation of H+ ions in the sarcoplasm

	3. Accumulation of Mg2+ in the sarcoplasm

	4. Inhibition of Ca2+ release of the sarcoplasmatic reticulum by accumulation of Pi 

	5. Decline of glycogen stores and blood glucose levels

	6. Decreased conduction velocity of action potentials along the sarcolemma

	7. Increased efflux of potassium ions (K+) from muscle fibres

	8. Neuromuscular synaptic transmission may become blocked


2.3.2 Central Fatigue

Central fatigue is postulated to occur from a supraspinal or spinal level (Gandevia, 2001). Central fatigue has been defined as a reduction in neural drive to the muscles resulting in a decline in force production or tension development that is independent of changes in skeletal muscle contractility (Enoka and Stuart 1992). Similarly to the peripheral model however, the exact mechanisms which bring about central fatigue are still to be agreed upon. Indeed, much attention has been focussed around changes in brain chemicals (Meeusen et al., 2006) such as serotonin, but also upon a subconscious ‘central governor’ that acts as a protective mechanism to provide a ‘shut-down’ of the periphery if homeostasis is threatened (Noakes and St Clair Gibson, 2004; St Clair Gibson and Noakes, 2004). Table 2.2 summarises some of the possible sites of exercise-associated central fatigue. 

Table 2.2 Overview of the possible sites of exercise-associated central fatigue (Ament and Verkerke, 2009).

	1. Conduction of action potentials may become blocked at axonal branching sites

	2. Motor unit drive might be influenced by reflex effects from muscle afferents

	3. Stimulation of type III and IV nerves induces a decrease in motor neuron firing rate and inhibition of the motor cortex output

	4. Excitability of cells within cerebral motor cortex may change during motor task

	5. Synaptic effects of serotoninergic neurons might become enhanced – increased 5 HT 

	6. Release of cytokines


It is likely that both central and peripheral factors are causative of fatigue, however the degree to which both contribute will depend largely on the circumstances surrounding the particular bout of exercise; distance/duration, intensity, altitude, temperature etc. Perhaps this, alongside differing methods of testing hypotheses is one of the reasons for the disagreement between physiologists in the causes of exercise-induced fatigue.

2.3.3 Fatigue During Cycling

It is clear that there are a number of proposed mechanisms, both central and peripheral, that may bring about fatigue. These may work in conjunction with one another or certain factors may exert a greater influence in particular types of physical activity (Cairns, Knicker, Thompson, 2005). This section aims to identify some of the key mechanisms that may contribute to fatigue in short to medium-duration cycling (4-30 minutes).

Cardiovascular/Anaerobic contributions

The cardiovascular/anaerobic mechanisms of fatigue are proposed to limit performance through both the ability of the heart to supply sufficient oxygenated blood to the working muscles and the ability of the cardiovascular system to remove accumulated metabolites. As elite and highly trained cyclists possess extremely high VO2max values and have greater left ventricular dilation and hypertrophy than untrained individuals, their stroke volumes and oxygen delivery and utilisation at tissue level are very high. These training adaptations suggest that performance during cycling may be limited by an insufficient supply of oxygen to the working muscles via cardiac output (Gonzalez-Alonso and Calbet, 2003).  Elite endurance-trained cyclists also possess far greater blood volumes (6648 mL) than untrained individuals (4876 mL) (Coyle, Hopper and Coggan, 1990). Although artificial increases in blood plasma volume in elite cyclists do not appear to affect VO2max or performance (Warburton, Gledhill and Jamnik, 1999), performance is significantly improved following increases in red blood cell concentration, either through red blood cell reinfusion (blood doping), erythropoietin (EPO) supplementation (Hahn and Gore, 2001; Marx and Vergouwen, 1998) or altitude training (Hahn and Gore, 2001; Levine and Stray-Gundersen, 1997). Elite and highly trained cyclists have extremely high anaerobic and lactate thresholds (~90 % VO2max) and maximal aerobic PO (>500 W) (Lucia et al., 2001a, 2001b) and to be competitive these cyclists are required to maintain high exercise intensities for prolonged periods before the development of skeletal muscle anaerobiosis (Abbiss and Laursen, 2005). Therefore, the failure of an athlete to remove accumulated metabolites such as lactate, H+ (Juel, 1998), Ca+ (Stackhouse, Reisman and Binder-Macleod, 2001), potassium (Bangsbo, Madsen and Kiens, 1996; Brooks, 2001), or Pi (Westerblad, Allen and Lannergren, 2002), or maintain a stable intramuscular pH (Stackhouse et al., 2001) may be a significant contributor to fatigue in cycling. Figure 2.4 shows a diagram of the possible cardiovascular/anaerobic contributors to fatigue in cycling.
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Figure 2.4 The cardiovascular/anaerobic model of fatigue. Cycling performance is proposed to be inhibited by insufficient oxygen supply or the build-up of anaerobic metabolites in the working muscle (Redrawn from Abbiss and Laursen, 2005, p. 870) 
Energy supply/depletion contributions

In this model it is proposed that the occurrence of fatigue during cycling is caused by a failure to supply sufficient ATP to the working muscles (Green, 1997; Noakes, 2000) via the various metabolic pathways. Regular cycle training upregulates the enzymes associated with the energy systems involved with re-phosphorylation (Hellsten, Apple and Sjodin, 1996; Wojtaszewski and Richter, 1998) including creatine kinase, succinate dehydrogenase and malate dehydrogenase. However, as ATP stores rarely fall below 40 % of resting levels following intense exercise (Green, 1997), there is doubt over the direct influence that ATP levels exert in the onset of fatigue. Although energy depletion, as a result of fuel substrate depletion (muscle and liver glycogen, blood glucose and phosphocreatine) is a likely cause of fatigue in explosive cycling (phosphocreatine) and prolonged cycling, glycogen depletion would not likely occur in a normal exercise state during cycling of short to medium-duration (Abbiss and Laursen, 2005). Therefore, in the forms of exercise utilised in this thesis, an inadequate supply of ATP to working muscle by the energy systems (energy supply), or depletion of endogenous substrates (energy depletion) is unlikely to be a primary cause of fatigue.  However, during ‘severe intensity’ exercise, very low PCr concentrations have been observed (Jones et al., 2008), indicating that low PCr concentrations may elicit some effect on fatigue at these intensities. 

Neuromuscular contributions

In this model it is suggested that functions involved with muscle excitation, recruitment and contraction limit performance (Abbiss and Laursen, 2005). Few studies have examined the relationship between neuromuscular function and prolonged cycling exercise, but those which have investigated this association have suggested that a reduction in the capacity of the muscles of the leg to contract, occurs as a result of alterations of both central and peripheral mechanisms (Hautier, Arsac and Deghdegh, 2000; Lepers, Hausswirth and Maffiuletti 2000; Lepers, Millet and Maffiuletti, 2001; Millet, Millet and Lattier, 2003; Nybo and Nielsen, 2001). Three main neuromuscular theories have been developed which seek to explain where along the neuromuscular pathway, inhibition occurs. Central activation theory refers to a reduction in neural drive. Neuromuscular propagation failure theory highlights a reduced responsiveness of the muscle to an electrical stimulus as the primary casue of fatigue. Finally, muscle power/peripheral failure theory views excitation-contraction coupling mechanisms causing fatigue within the muscle (Abbiss and Laursen, 2005). 

Muscle trauma contributions

As elite and highly trained cyclists push high gears (i.e. 53 × 12-11) for prolonged durations, some muscle damage is likely to occur (Lucia et al., 2001). This can have a number of detrimental effects on muscle function, including disruption of the sarcolemma or sarcomere, or tearing of the myofibrils (Komi, 2000). This muscle damage can result in alterations to intramuscular chemical homeostasis and activation of pain receptors, which has been shown to occur in cycle races (Mena, Mayner and Campillo, 1996). This disruption of chemical homeostasis may cause a reduction in neuromuscular activation and/or reduced force production of the muscle (Abbiss and Laursen, 2005).

Central governor contributions

This model is based on the concept that exercise is regulated centrally, in a feedforward manner, in an attempt to balance exercise expectations against its demands and that afferent feedback aids regulation of exercise intensity, with an overall aim of avoiding peripheral ‘catastrophe’ (Noakes et al., 2005). This theory is expanded upon in more detail in section 2.6.3.

2.4 Methods of monitoring pacing strategies and quantifying fatigue

There are a number of easily measured and frequently used variables that influence, or are indicative of, both change in pacing or fatigue during self-paced exercise and fatigue during fixed intensity exercise. These variables will be explored in the following subsections. 
2.4.1
Power Output
If fatigue is regulated through a pacing strategy, which is defined as the variation of speed over the race by regulating the rate of energy expenditure (Hettinga et al., 2006), the two key components are the variation of speed and the regulation of energy expenditure. Pacing more accurately refers to performance times or velocity and not the actual mechanical work or PO produced. However, as velocity is not always directly related to power, but PO is largely dictated by the ability to resist fatigue, monitoring PO during exercise testing is of primary importance when monitoring pacing and fatigue (Abbiss and Laursen, 2008). In events lasting longer than 3 minutes, a pacing strategy is usually typified by several stages: a short intense period of high PO at the start, followed by a sharp reduction that is maintained until the final 5-10 % of the exercise bout, where PO again increases (Ansley et al., 2004b). Recent developments in the accurate and direct measurement of PO during actual cycling, as well as new theories concerning mechanisms of fatigue, has helped increase the volume of research related to  pacing strategies over the last 10 years (Atkinson et al., 2007). Technological developments now allow the reliable and accurate measurement of PO in a velodrome (Craig and Norton, 2001), on the road or in a lab (Atkinson and Brunskill 2000; Chaffin et al., 2008; Micklewright et al., 2009; Swart et al., 2009) whilst a cyclist is riding their own bike. Furthermore, recent developments of new models of complex system control during self-chosen exercise intensity have highlighted the importance in monitoring PO during exercise testing (Noakes et al., 2005).

2.4.2 Rating of perceived exertion

Perceived exertion can be defined as the subjective intensity of effort, strain and discomfort, and/or fatigue that is experienced during physical exercise (Robertson and Noble, 1997). Gunnar Borg originally developed the 6-20 Rating of Perceived Exertion (RPE) scale in the early 1960’s, which has been widely accepted as a valuable, reliable and easily understood means of quantifying, monitoring and evaluating exercise tolerance and the magnitude of exertion in healthy adult populations and other groups (Borg, 1998). Perception of effort also appears to be important in precisely regulating exercise performance (Nikolopoulos et al., 2001; Pandolf, 1982). It has previously been suggested that perceived exertion is created by the integration of multiple afferent signals from a variety of perceptual cues such as cardiopulmonary factors (ventilatory rate, HR, VO2) and metabolic/peripheral factors (blood lactic acidosis, mechanical strain and skin temperature) (Mihevic, 1983). However, recent research now provides evidence that RPE may represent the integration of multiple afferent signals interpreted in both a feedforward and feedback manner relative to expected sensations according to previous experiences and the knowledge of an anticipated end point (Faulkner and Eston, 2008). Therefore, RPE could be the manifestation of the link between subjective sensations of effort and the physiological changes occurring during exercise, which are central to the regulation of exercise performance, the limit to exercise, and ultimately pacing strategy (Tucker and Noakes, 2009). According to Tucker and Noakes (2009), RPE may be a crucial component of the regulatory protective system that:

a. Prevents an athlete from exercising to bodily harm, by influencing volitional termination of the exercise bout;

b. Mediates anticipatory efferent down regulation to ensure that known exercise is completed safely and in optimal performance time.

Therefore, when monitoring pacing strategies and fatigue during self-paced exercise, measurements of RPE are important.  

2.4.3 Pain

The international Association for the Study of Pain has defined pain as an unpleasant sensory and emotional experience associated with actual or potential tissue damage, or described in terms of such damage (International Association for the Study of Pain). This definition implies that:

1. Pain is always a subjective experience;

2. Emotions are always an element of pain;

3. Perception of pain is not always directly related to the level of tissue damage.

Mechanical pressure, heat, cold and endogenous pain producing (algesic) substances activate nociceptive Type III and Type IV afferent fibres which send peripheral information to the central nervous system (CNS) regarding actual or potential tissue damage (O’Connor and Cook, 1999). Type III nociceptors are stimulated by high threshold noxious pressure, which at a muscular level results in a dull-aching or cramping pain. Stimulation of Type IV fibres results in similar type pain but these fibres respond preferentially to noxious chemicals (Marchettini, Simone, Caputi and Ochoa, 1996). Bradykinin, potassium, serotonin and histamine act directly on Type IV afferent nociceptors and sensitise Type III afferent fibres. Hydrogen ions and prostaglandins do not directly activate nociceptors but have the important affect of sensitising them. Skeletal muscle activity results in an increased muscle concentration of these noxious chemicals and contributes to the acute muscle pain associated with particular forms of exercise (O’Connor and Cook, 1999). There is evidence to suggest that athletes may be more tolerant to some forms of pain than non-athletes, and that regular, painful training may contribute to a decreased pain perception (Scott and Gijsbers, 1981). Anshel and Russel (1994) have theorised that the ability of an athlete to tolerate exercise induced pain is a critical factor in successful performance in endurance sports and there appears to be some agreement between athletes, coaches and researchers that pain tolerance can indeed limit certain types of athletic performance (O’Connor, 1992). Although, when injury free, there are some sports where athletes can compete at the highest level without pain (e.g. golf, archery), there are a number of sports where pain has been stated to be an integral part of training and performance (e.g. boxing, wrestling, middle distance running) (O’Connor and Cook, 1999). In research, cycle ergometry has consistently been documented as causing naturally occurring muscle pain (Borg, Ljunggren and Ceci, 1985; Cook, O’Connor, Eubanks, Smith and Lee, 1997; O’Connor and Cook, 1999). Cook et al., (1997) showed that magnitude of leg muscle pain during ramped cycle ergometry increased as a positively accelerating function of the percentage of POpeak. As elite level cyclists consistently perform at the limits of performance in both training and competition, the tolerance of this level of pain is surely a factor in both pacing and performance. Indeed, when pain is increased during exercise, through the administration of an opioid receptor antagonist such as naloxone, performance is reduced in the presence of greater levels of pain (Surbey, Andrew, Cervenko and Hamilton, 1984). Furthermore, the administration of anaesthetics or analgesics prior to self-paced exercise can serve to increase central drive and alter pacing (Amann, Proctor, Sebranek, Eldridge, Pegelow and Dempsey, 2008; Amann, Proctor, Sebranek, Pegelow and Dempsey, 2009). If exercise is regulated centrally, controlling pace following afferent feedback from the periphery, then perceived pain is an important variable in assessing the selection and maintenance of a pacing strategy. 

2.4.4 Blood Lactate

The breakdown of glucose (glycogen) under anaerobic conditions generates lactic acid as one of the end-products. Under aerobic conditions, lactic acid can be further processed, generating more ATP, CO2 and water. Above certain work rates (e.g. lactate threshold) lactate concentration in the blood and extracellular fluids shows a marked acceleration. Increased concentration of acid means an increased concentration of H+ and consequently a lowered pH. Intensities where lactate is increasingly accumulated (e.g. > MLSS) can only be maintained for a limited period of time before the exerciser fatigues and is forced to stop (Ament and Verkerke, 2009). Therefore, exercise associated fatigue sensations tend to increase in parallel with the accumulation of metabolites such as lactate. However, in humans exercising at different work rates, lactate levels have not been found to correlate strongly with muscle fatigue and it is now widely accepted that intracellular accumulation of lactate per se is not a major factor in muscle fatigue (Ament and Verkerke, 2009). Despite this, lactate threshold in highly trained and elite cyclists occurs at a greater percentage of their VO2max, suggesting an increased fatigue resistance and a greater ability to oxidise fat and reduce lactate accumulation at a given work rate (Lucia et al., 2001a). Indeed, blood lactate concentration at various cycling exercise intensities is highly predictive of endurance performance, making its measurement valuable for evaluating future performance (Faria et al., 2005b). Of particular use is the MLSS, which in trained cyclists has been shown to occur at an intensity equivalent to 90 % of their average simulated 5 km time trial speed. Lactate has also been suggested to be a metabolite that may act as an afferent signalling agent in theories of central control (Lambert, St. Clair Gibson and Noakes, 2005) (see section 2.6.2 – 2.6.4). Indeed, lactic acid has been shown to act directly on acid-sensing ion channels which are highly prominent on sensory neurones. Therefore, through acting on afferent neural pathways to pain centres in the CNS, lactic acid may initiate some of the sensations of pain associated with intense exercise (Immke and McCleskey, 2001). 

Although lactic acid may not be one of the major causes of fatigue, its association with other metabolites during intense exercise, its use as a cycling performance predictor and possible afferent signalling role warrant its measurement in studies on pacing strategies. 

2.4.5 Electromyography

Researchers investigating central fatigue will frequently use electromyographic (EMG) changes in the active muscle during exercise on the assumption that these changes mirror alterations in central neural drive. This is because, if fatigue was due to peripheral changes in exercising skeletal muscle, then their EMG activity should, in theory, increase progressively in an attempt to compensate for the impaired contractile function caused by the negative metabolic changes stated by the peripheral model. The central fatigue model however, would predict that EMG activity falls during prolonged exercise due to a reduced neural drive. According to the central model, if fatigue is centrally mediated by changes in the number of skeletal muscle motor units that are recruited, then both the work produced by the active skeletal muscles and the integrated EMG (iEMG) activity will fall in parallel, indicating that the recruitment of fewer motor neurones has caused the work output to fall. There is a large body of evidence to suggest that EMG activity does track PO over exercise bouts. iEMG has been shown to actively track PO in conditions of high altitude (Kayer, Narici and Binzoni, 1994). Indeed, EMG activity was shown to be lower at exhaustion during maximal exercise at altitude, than at sea, and by increasing the oxygen content of the inspired air during exercise at altitude, both performance and EMG activity were improved. The authors concluded that during chronic hypobaric hypoxia, the CNS may play a primary role in limiting exhaustive exercise and maximum accumulation of lactate in the blood. Further evidence from Tucker et al., (2004) has shown that EMG tracked PO levels during exercise in the heat and during ‘normal’ conditions. Further to this they observed that EMG and PO dropped significantly more in the heat trial than the normal trial, despite core temperature being similar at that point. They concluded that the reduced skeletal muscle recruitment was not caused by the direct effects of critical core temperature, but rather by an anticipatory response in the brain to pre-empt and then prevent too great an increase in core temperature. Ansley et al., (2004) provide further support for EMG tracking PO in normal conditions of exercise, suggesting a central regulation of the number of motor units recruited and thus a central control of PO. However, results from EMG data need to be interpreted with caution as there are several concerns with bipolar surface EMG signals. Most importantly, with regard to the CGM, is the issue of amplitude cancellation (Weir et al., 2006). The surface EMG signal is defined as the algebraic summation of all the muscle action potentials propagating within the recording areas of the surface electrodes. Therefore, from the principle of summation, if two action potentials – waves – of the same absolute amplitude at the same instant in time are summed, but one is a positive deflection and the other is a negative deflection, the resultant EMG amplitude would in theory equal zero as the two individual action potentials would cancel each other out. Indeed, Keenan, Farina and Maluf (2005) propose that EMG amplitude values can significantly underestimate the true amount of muscle activation, or neural drive. However, where EMG amplitude values are normalised to maximal levels of excitation, the differences between cancelled signals and no cancellation are generally less than 5 %, with the greatest difference being no more than 17 % overestimation at intermediate levels of excitation (Keenen et al., 2005). This suggests that normalising EMG amplitude values by reporting them as a percentage of maximal activation may substantially reduce the influence of amplitude cancellation. 

As EMG is an indirect estimate of central motor drive, and many factors can influence the signal (filtering effects, amplitude cancellation), this may potentially compromise its validity. Furthermore, differences in the relationship between PO and EMG between different protocols (fixed distance self-paced time trial, fixed time TT, fixed resistance time to exhaustion) and different muscle groups used makes the measurement of EMG to monitor central motor drive and pacing strategies a potential minefield. However, there may be some application of this method in some pacing study protocols. 

2.5 Causes of peripheral fatigue 

Whether peripheral factors are the predominant cause of fatigue, particular peripheral mechanisms act as afferent signallers or whether peripheral mechanisms act in conjunction with central factors, an understanding of the main theorised causes of peripheral fatigue is important.  This section will highlight those causes of peripheral fatigue that have received the greatest recent support.

2.5.1 Inorganic Phosphate

Inorganic phosphate (Pi) is considered to be a major cause of fatigue (Westerblad et al., 2002). During periods of high energy demand, ATP concentration initially remains almost constant while PCr breaks down to Cr and Pi according the reaction: 

PCr + ADP + H+ → Cr (creatine) + ATP

While Cr has little effect on contractile function (Murphy, Stephenson and Lamb, 2004), Pi may cause a marked decrease in myofibrillar  force production and Ca2+ sensitivity as well as SR Ca2+ release. As a result, Pi may contribute to both a decrease in muscle force production early during fatigue in fast-twitch fibres (through acting on cross-bridge function) and in the later stages of fatigue (through reducing myofibrillar Ca2+ sensitivity). 

2.5.2 Hydrogen Ions

The pHi of both frog and mammalian skeletal muscle is ~7.0, and with high intensity exercise, it falls to values as low as 6.2 (Fitts, 1994). A close temporal relationship is often observed between decreased muscle force and increased intracellular concentrations of H+, yet such high correlations are not always observed. An accumulation of H+ ions in the sarcoplasm has been theorised to cause a decrease in contractile force due to inhibition of cross-bridge interactions and a depression in calcium re-uptake in the SR - this has been proposed to be the main cause for the lengthened relaxation time after fatiguing contractions (Ament and Verkerke, 2009). Although increased intracellular levels of H+ may reduce muscle performance to some extent, recent evidence suggests that its detrimental effects have been considerably overestimated and that other, beneficial, effects have been overlooked (Allen, Lamb and Westerblad, 2008). The main arguments against a role for H+ in the aetiology of fatigue are the observations that:

1. pHi recovers at a different rate than tension following fatigue;

2. Reduction in pHi to levels observed in fatigued fibres by CO2 exposure yields an inhibition of force considerably less than that observed in fatigue (Fitts, 1994).

2.5.3 Calcium Ions

The increase in free myoplasmic Ca2+ concentration ([Ca2+]i) is the trigger for muscle contraction (Fitts, 1994). Ca2+ also exerts many other effects in skeletal muscle cells, including regulation of the activity of enzymes (Allen et al., 2008). During exercise, Ca2+ release from the SR is inhibited by accumulation of Pi (section 2.5.1), precipitation of calcium phosphate within the lumen of the SR and by phosphorylation of the Ca2+ release channels which may bring about a reduction in muscular force (Allen et al., 2008). 

2.5.4 Glycogen

In skeletal muscle, glucose is stored as glycogen which provides the major source of energy during most forms of muscle activity. That a decrease in muscle glycogen concentration causes reduced time to fatigue during moderate intensity exercise (60 – 80 % VO2max) is well established (Hawley et al., 2006), although the link between glycogen depletion and the force decrease during fatigue is not fully understood (Allen et al., 2008). In exercise durations < 1 hour however (as with cycling < 10 miles), this mechanism of fatigue is unlikely to occur (Allen et al., 2008).

2.5.5 Core Temperature

Exercise in the heat increases the rate of development of fatigue, evidenced by a reduction in time to exhaustion and decreases in PO during self-paced protocols (Tucker and Noakes, 2009). Although the observed reduction in exercise tolerance associated with a raised core temperature is likely to involve an element of central control, an increased core temperature may also negatively affect the efficiency of metabolic enzymes (e.g. PFK), disturb cardiovascular function, increase the production of free radicals, accelerate glycogen depletion and increase metabolite accumulation (Nybo, 2008). However, in moderate duration exercise (< 30 minutes) at normal temperature (~18 °C), core temperature is unlikely to be elevated to a point where it will negatively affect performance.  

2.6 Causes of central fatigue 

Concepts of central fatigue as a limiter of exercise intensity have generally taken a ‘back-seat’ to those mechanisms proposed by peripheral fatigue models (Noakes et al., 2005), and resultantly, theories of central fatigue are not always covered in popular exercise physiology text books and are frequently ignored in teaching. However, in the last decade, a greater focus of attention and research has been placed on theories of central fatigue and control, with exciting results. Consequently, CNS contributions to exercise performance cannot be overlooked.

2.6.1 The Serotonin/5-HT Hypothesis
This theory centres on the supposition that during prolonged exercise the synthesis and metabolism of central monoamines, particularly serotonin, dopamine and noradrenaline, are influenced (Newsholme, Acworth and Blomstrand, 1987). The serotonergic system has been suggested to be an important modulator of mood, emotion, sleep and appetite, and thus has been implicated in the control of numerous behavioural and physiological functions (Meeusen et al., 2006). As serotonin is unable to cross the blood brain barrier (BBB), cerebral neurons are required to synthesise it. The initial step in this process is the uptake of tryptophan (TRP) across the BBB. TRP is the precursor for the synthesis of serotonin, and increased TRP availability to the serotonergic neurons results in an increase in cerebral serotonin levels. Consequently, the transport of TRP into the brain is considered to be the rate-limiting step in the synthesis of serotonin. Under resting conditions, the majority of TRP circulates in the blood loosely bound to albumin, a transporter shared with free fatty acids (FFA). The shift in substrate mobilisation during exercise causes an increase in plasma FFA concentration, displacing TRP from binding sites on albumin. This leads to a marked increase in free TRP (fTRP) which is then readily available for transport across the BBB (Meeusen et al., 2006). The entry of TRP into the brain also competes with the transport of branched-chain amino acids (BCAA) across the BBB. As plasma concentrations of BCAA either fall or are unchanged during prolonged exercise, and fTRP and BCAA share a common transporter across the BBB, a reduction in competing large-neutral amino acids would increase the uptake of TRP into the CNS (Meeusen et al., 2006) (see Figure 2.5). There are however, a number of other regulators of serotonin release and synthesis that have been proposed. These include; the availability of oxygen and pteridine (cofactors that are required in the hydroxylation of TRP) (Meeusen et al., 2006), the activity of other neurotransmitter systems, including dopamine, GABA and cerebral glucose availability (Bequet, Gomez-Merino and Berthelot, 2002), and activation of serotonin autoreceptors, producing negative feedback (Artigas, Romero and de Montigny, 1996). A revision of the serotonin hypothesis (Davis and Bailey, 1997) has been developed to suggest that an increase in the brain content ratio of serotonin to dopamine is associated with feelings of tiredness and lethargy, accelerating the onset of fatigue, whereas a low ratio favours improved performance through the maintenance of motivation and arousal. Indeed, animal studies have shown that increased dopamine activity occurs during prolonged physical activity (Bailey, Davis and Ahlborn, 1993), and dopamine is known to play an important role in motivation, memory, reward and attention.
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Figure 2.5 Primary components of the central fatigue hypothesis at rest and during prolonged exercise. BCAA, branched-chain amino acid; FA, fatty acid; f-TRP, free tryptophan; 5-HT, 5-hydroxytryptamine (serotonin); TRP, tryptophan.

Fatigue during prolonged exercise in rats is associated with increased serotonin and reduced dopamine concentrations in the brain (Bailey et al., 1993). Other evidence has shown an inverse relationship between serotonin and dopamine in certain brain areas. On the basis of these findings, it been suggested that a low ratio of brain serotonin to dopamine favours improved performance (ie, increased arousal, motivation, and optimal neuromuscular coordination), whereas a high ratio of serotonin to dopamine favours decreased performance (i.e., decreased motivation, lethargy, tiredness, and loss of motor coordination) (Davis and Bailey, 1996). The latter would constitute central fatigue.
Conclusions

Although the theoretical rationale for the serotonin hypothesis is clear, a number of well-conducted studies have failed to support a significant role for serotonin in the development of fatigue (Meeusen et al., 2006). However, the role of serotonin in the onset of fatigue should not be discounted entirely, especially during long duration exercise (Nybo, Nielsen and Blomstrand, 2003), and it is very possible serotonin may indirectly influence fatigue through its action on other systems within the CNS, thus acting in a neuromodulatory capacity.   

2.6.2 Teleoanticipation

Although not strictly a mechanism of fatigue, the proposed teleoanticipatory system functions to regulate exercise intensity and forms the basis for the CGM of fatigue (2.6.3). Ulmer conceived the concept of teleoanticipation after suggesting that distance runners have to regulate their energy consumption per unit of time with respect to a finishing point, so as to avoid both early fatigue and achieve optimal race time (Ulmer, 1996). Ulmer stated that the simple feedback control of the motor system by the CNS (Figure 2.6) could not explain this process sufficiently and proposed an integrative control system for optimisation of physical performance (Figure 2.7). In this model, there are a number of different levels of control in the CNS and peripheral physiological systems.
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Ulmer postulated that the exercise performance is controlled by a governor located somewhere in the CNS. Alterations in exercise intensity are proposed to be controlled by a continuous feedback system where afferent signals that contain information on force, displacement, time and muscular metabolism are fed back to the central controller via afferent somatosensory pathways. Based on motor learning and the anticipated exercise bout, the central regulator is able to use afferent signals from the muscles, as well as feedback from other organs, in order to alter intensity and optimise performance (Ulmer, 1996). 
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Figure 2.7 Integral control system for optimisation of performance (Redrawn from Ulmer, 1996, p. 417). 

A useful analogy for this process is that of the job performed by former flight engineers in aviation. This task involved, prior to departure, calculating how much fuel an aeroplane should use to reach the destination at an optimal flying speed. During the flight, the engineers measured fuel consumption continuously and recalculated how the destination of the flight could be achieved optimally (Ament and Verkerke, 2009). 

Key requirements

Perhaps the most important input into the ‘calculation’ performed by the central regulator is the known duration, or end-point, of the activity. In closed loop activity (where distance or time required to complete the task is known before exercise begins), the central regulator can use the finishing point of the task and works backwards from that point when regulating optimal metabolic rate and motor output. However, in open loop exercise (distance or duration is unknown before exercise commences), this task becomes impossible and the teleoanticipatory process cannot work effectively (St. Clair Gibson and Noakes, 2004). A second proposed prerequisite for the normal function of the teleoanticipatory process is the prior experience of similar exercise bouts. Ulmer et al., (1996) stated that for the feedback, feedforward and anticipatory mechanisms to work effectively, experience is required. They also suggested that teleoanticipatory functioning is improved by greater levels of experience. Experience provides the information used to base feedforward estimations of optimal metabolic rate per unit of time prior to onset of exercise, and compare current metabolic rate against past successes/failures during exercise. 

Evidence for a teleoanticipatory system

Ulmer originally postulated the mechanism of teleoanticipation based on his work with runners regulating their intensity using Borg’s RPE scale of perceived exertion (Ulmer, 1996). Athletes were asked to run 400 m and 1500 m on two separate occasions, either maximally, or at specific level of RPE. When athletes were asked to maintain a constant intensity based on RPE over a series of set distances, in all but the short distances work output declined over time, reached a plateau, and then increased at the end. In all cases the levels of performance were graduated systematically according to the RPE-values (Ulmer, 1996), however, in the 1500 m distance, even when athletes were asked to run maximally, the pace or running velocity at each RPE level between the distances of 400 m and 1500 m remained remarkably constant and submaximal. This observation was used to suggest, that over long distances, running velocity is preset and that pacing or teleoanticipation occurs, even at so called maximal exercise, in order to reach a predetermined finish point. Ulmer further reported the existence of a ‘time-delay’ in an athlete reaching a plateau in work output, which supports the hypothesis of the feedback regulating mechanisms. Indeed, if there is enough time, a plateau can be reached which would allow sufficient energy reserves for a final end sprint. However, during the first minute of heavy work, Ulmer points to a time delay for RPE, and a time delay for response time for heart rate, which leads to a difficulty in achieving adequate feedback. This is representative of a delayed adoption of a plateau in long events and no plateau in the shorter events. 

In a second series of experiments Ulmer et al., (1996) performed tests on two experimental groups of swimmers. The first group tested the ability of the swimmers to grade their swimming intensities in steps of 90, 80 and 70 % of their individual maximum. The second group tested their ability to precisely estimate the time taken to swim a 50 m distance (when swimming at 90 or 70 % of their maximal velocity). Ulmer et al., (1996) found that the swimmers displayed a remarkable ability to accurately time their swimming velocity depending on given intensities, as well as on given times for distances. It was concluded that this ability was a result of the physiological and psychophysiological adaptive processes following training. 

Hampson, St. Clair Gibson and Lambert (2004) further explored the concept of teleoanticipation by introducing a deliberate mismatch in actual and expected exercise intensity and by recording the perceptual response to this deception. They observed that both subconscious interpretation of exercise intensity and anticipation of exercise intensity based on prior experience are important regulators of exercise intensity. Faulkner, Parfitt and Eston (2008) showed that regardless of distance, runners appeared to pre-set an RPE prior to exercise onset and that RPE scaled with the proportion of exercise time remaining. This finding is in accordance with the postulated teleoanticipatory mechanisms. Albertus et al., (2005) showed that in conditions of correct and incorrect distance feedback, cyclists could still produce similar 20 km TT completion times. They postulated that other factors unrelated to the distance feedback the cyclists received were responsible for the pacing strategy they adopted, and that as pacing was fixed throughout exercise, it was predetermined and ‘hardwired’ before the TT began. 

Further evidence for teleoanticipation can also be found in studies where exercise has been self-paced (Ansley et al., 2004a; Ansley et al., 2004b; Nikolopoulos et al., 2001; Rejeski and Ribisl, 1980; Zohar and Spitz, 1981). However, some of these studies have been limited by, or lack comparability, due to factors such as small sample size (Nikolopoulos et al., 2001), or by methodological features including differences in the predominant energy system stressed (Ansley et al., 2004a); variability in the distance completed (Ansley et al., 2004b) and the manner in which this is determined (Zohar and Spitz, 1981); and differences in exercise modality (Rejeski and Ribisl, 1980).  These issues make data interpretation difficult. 

Ulmer (1996) also used examples from the animal kingdom in support of teleoanticipation. For example, before migration, birds successfully calculate the metabolic requirements of their flight and increase the quantity and later the composition of their fuel stores, embarking on migration only when they have sufficient body fat stores (Kvist, Lindstrom and Green, 2001). They also modulate their flight speed and flying patterns during the migratory flight to accommodate the extra body weight caused by their increased fuel reserves. The theory of teleoanticipation provides the background and foundation on which further, more integrative models of pacing and fatigue have been founded. As these later models are extensions of teleoanticipation, a great deal of the recent supporting, and opposing research, address aspects that are more applicable to the more developed models. Therefore, a more thorough analysis of the literature in this area is covered in section 2.6.3.

2.6.3 The Central Governor Model

In this model it is hypothesised that physical activity is controlled by a central governor (CG) in the brain. Using feed-forward control in response to afferent feedback from physiological systems, skeletal muscle recruitment is controlled as part of a continuously altering pacing strategy. The sensation of fatigue is seen as the conscious interpretation of these homeostatic mechanisms (Noakes et al., 2005). In this respect, the model proposes that it may be more correct to understand fatigue as a sensory perception, rather than a physical event, that results from the complex integration of physiological, biomechanical, and other sensory feedback from the periphery. Peripheral metabolites are not merely energy substrates or inert metabolic by-products, neither are they simply the sole or absolute regulators of the entire complex system. Instead they serve together to assist in the determination and constant resetting of the pacing strategy. The CG determines the work rate that can be sustained for the anticipated duration of exercise, as well as the moment at which exercise terminates, all to ensure that homeostasis is maintained (Noakes et al., 2005). It further incorporates the messages from the peripheral metabolites to create a complex dynamic system in which multiple physiological processes in many different systems interact with each other continuously. Thus, changes in any or all of the physiological variables will result in changes in neural command back to the periphery. This continuous interaction between feedforward and feedback control between the brain and the periphery results in a highly robust, self-sustaining mechanism that maintains homeostasis by ensuring no system is ever overwhelmed or used to its absolute capacity. The exercise level ‘allowed’ by the CG works on the basis of a ‘black box’ control centre, which constantly makes calculations based on knowledge of the environment and event, and knowledge of the status of the body (which is gained through afferent feedback). Any change in environment, event or body status will result in a recalculation and thus a change in the work rate allowed by the CG.
Evidence for the central governor model

During the initial proposition of the CGM, the majority of the supporting research came from responses to exercise in the heat and at altitude (Nybo and Nielsen, 2001; Tucker, Marle, Lambert and Noakes, 2006; Tucker, Rauch Harley and Noakes, 2004). Supporters of the CGM used the observation that in conditions of hypoxia exercise terminates before there is any evidence of a catastrophic failure of metabolic regulation. At extreme altitude it is during severe dyspnoea that exercise terminates, however, it is these levels of high ventilation, causing dyspnoea, that maintain life by keeping arterial PO2 above the ~30 mmHg needed to maintain consciousness. The supporters of the CGM state that in these circumstances, no substantial evidence exists to show that homeostasis is threatened in any other major organ and cardiovascular function is entirely appropriate for the particular level of exercise that can be achieved. The low muscle lactate concentrations and submaximal Q indicates that muscle hypoxia cannot be present (Noakes et al., 2001; Noakes et al., 2005). Supporters of the CGM use this phenomenon as evidence of central control, stating that the CNS would serve to determine the level of work that could be sustained, according to the anticipated end point, so that homeostasis is maintained and catastrophe does not occur, ultimately causing shutdown of the periphery before catastrophe occurs. 

In conditions of hyperthermia, the mechanisms underlying fatigue are not well understood (Nybo and Nielsen, 2001) and therefore supporters of the CGM frequently use examples of exercise in hyperthermia to provide evidence for the CGM. In hyperthermic and normothermic conditions, athletes’ oxygen consumption, muscle blood flow and force production in a brief maximal voluntary contraction (MVC) are similar. Additionally, the small increase in lactate production, muscle glycogen breakdown or the increased potassium release cannot explain the reduced performance with hyperthermia during prolonged submaximal exercise (Gonzalez-Alonso, Calbet and Nielsen, 1999; Nielsen et al., 1993; Nybo and Nielson, 2001; Parkin, Carey and Febbraio, 1999). However, Nybo and Nielsen (2001) found that hyperthermia led to a marked reduction in voluntary activation (assessed by superimposing electrical stimulation) of the muscle during prolonged maximal isometric contraction. This indicates that central activation failure played a significant role in the reduction of force produced. 

Tucker et al., (2004) examined PO, RPE and EMG during two self-paced 20 km cycling TT in a hot and cool condition. They observed an anticipatory reduction in skeletal muscle recruitment in cycling in the heat - reduced PO and iEMG activity during the hot condition occurred before there was any abnormal increase in rectal temperature, HR or perception of effort. They proposed this to be due to an adaptation that formed part of an anticipatory response that adjusts muscle recruitment and PO to reduce heat production, thus ensuring that thermal homeostasis is maintained during exercise in the heat. A further study (Tucker et al., 2006) examining the regulation of exercise intensity in hot environments at a predetermined, fixed subjective rating of perceived exertion, support the findings of Tucker et al., (2004). Tucker et al., (2006) found that when cyclists were instructed to cycle at a fixed RPE of 16 in a 15 °C (cool), 25 °C (norm) and 35 °C (hot), PO declined significantly quicker in the hot trial and that the rate of heat storage was significantly higher in only the first 4 minutes of the hot trial, as a result of increasing skin temperature. They concluded that exercise intensity in the heat is achieved through a combination of afferent feedback (from skin and blood thermoreceptors), the rate of heat storage and a feedforward calculation of the rate of heat storage. Based on this information the CNS prescribes a continuing exercise intensity which will maintain thermal homeostasis by reducing work rate specifically to ensure that excessive heat accumulation does not occur.

These studies provide some of the most direct support for a centrally controlled mechanism of fatigue and the existence of the CG, but still only help explain fatigue and how pacing may be adopted in a unique environment. In situations where the majority of normal competition takes place, when hyperthermia or hypoxia is not present, there is less robust support for the model. 

Palmer, Backx and Hawley (1998) found that when cyclists were told that they were to cycle three 40 km TT, but in actual fact the distances varied between 34-46 km, average speed, PO and mean HR did not significantly differ between trials. Furthering this, Nikolopoulos et al., (2001) instructed trained cyclists to complete TT of 34, 40 and 46 km. Cyclists were led to believe that each TT was 40 km long and the only feedback they received was percentage of distance left to complete. Subsequently, a fourth 40 km TT was completed where subjects could view their HR. Despite significantly different completion times between TT, average PO and HR were similar between trials, in agreement with Palmer et al., (1998). Furthermore, knowledge of their HR made no difference to the participants’ average PO or completion time when it was made available. When the true nature of the study was explained to the participants, they were given the opportunity to ride two further TT of 34 km and 46 km, where perceived distance was the same as the actual distance. Although no significant differences were found between these trials, PO was slightly higher in the non-deception 34 km TT compared with the deception 34 km TT, and slightly lower in the non-deception 46 km compared with the deception 46 km. Lack of significance in these differences may have been confounded by the small sample size of the study (n = 5) and the authors provide no data on variability within trials, making interpretation difficult. However, the authors concluded that cyclists select a pacing strategy based on the perceived distance of the TT rather than the actual distance, and therefore athletes may often perform at perceived work rates which may be below their physiological capabilities. This notion is supportive of Ulmer’s (1996) theory of teleoanticipation and emphasises importance of distance knowledge.

Albertus et al., (2005), used similar distance deception on cyclists to examine the effect on cyclists pacing strategy. Cyclists performed four 20 km TT, in which distance feedback was the only information they received. Apart from a control trial (CON), cyclists received incorrect distance feedback for three of the TT in the form of inaccurate kilometre splits. Splits either increased by a distance of 25 m starting at 0.775 km (INC), decreased by 25 m starting at 1.25 km (DEC), or were randomised (RAN). Despite receiving incorrect distance feedback, no significant difference was found in PO between trials. Indeed, in each trial the classic ‘U’ shape was observed in the cyclists’ PO over the TT. Furthermore, although the cyclists’ RPE increased linearly over the 20 km in each trial, no significant difference was observed between the different trials. Another important observation was that finish time and average speed of the cyclists in each trial was not significantly different. These findings led the authors to conclude that the cyclists’ pacing strategy was set before the TT began, and at an intensity that could be maintained for the duration of the 20 km. The presence of the end sprint in each of the trials represented a ‘reserve capacity’, allowing the PO to increase secondary to an increase in central neural drive to the exercising muscles. HR increased over the course of the 20 km in each of the trials, however, in the DEC trial HR was significantly lower than in the RAN and the CON trial. These differences indicate a disassociation between HR and exercise performance and that HR is not solely associated with differences in RPE. Albertus et al., (2005) concluded that RPE was set at the start of the TT and used as a pacing mechanism, and that the change in RPE may not only be due to physiological events, but may be regulated by psychological and subconscious processes at the onset of exercise. Ultimately the results demonstrated that exercise performance and pacing strategies are not altered by the provision of incorrect distance feedback and provide support for the presetting of a pacing strategy prior to exercise, in accordance with the theory of teleoanticipation and the CGM. The magnitude of difference in incorrect feedback may not have been sufficient to bring about a change in the pacing strategy however. Distances longer than 20 km may be necessary to test larger differences in perceived and actual distance cycled. 
Albertus et al., (2005) based their hypothesis on previous feedback/RPE studies by Zohar and Spitz (1981) and Rejeski and Ribisl (1980).  Zohar and Spitz (1981) had cyclists perform a 45 minute cycle TT which consisted of 15 trials lasting 3 minutes each. During these trials participants received full feedback, partial feedback or no distance feedback (in metres). Based on this feedback, participants were asked to predict their performance for an upcoming 3 minute TT and to rate their perceived exertion. Results showed that no difference occurred in actual and perceived performances between the full and partial feedback groups, but performance in the no feedback group was worse than expected despite actual perceived exertion and HR increasing similarly between the three conditions. This finding indicates that the underperformance in the no feedback trial occurred independently of changes measured in RPE and further, that different levels of feedback have no effect on the rating of perceived exertion. Rejeski and Ribisl (1980) compared a running trial that lasted 20 minutes with a trial that participants were told would last 30 minutes but was actually terminated after only 20 minutes. It was found that RPE was significantly lower at 20 minutes when participants were expecting to run for 30 minutes, which is representative, at least partly, of RPE being based on the expected duration of the exercise bout. It may be possible that perception of effort was subconsciously suppressed in the trial that was expected to be longer, which may be to ensure that early fatigue does not occur. Therefore, RPE may not simply be a product of exercise related feedback or intensity, but rather a conscious interpretation of fatigue that can be altered either subconsciously or consciously before the commencement of a trial, so that even when running at the same intensity, the RPE can differ.

Ansley et al., (2004a) looked at anticipatory pacing strategies in different durations of Wingate anaerobic tests (WAnT). Subjects performed six WAnT’s and were informed these were comprised of 4 x 30 s, 1 x 33 s and 1 x 36 s. However, they actually completed 2 x 30 s, 2 x 33 s and 2 x 36 s. Participants were either informed of the true length of the WAnT’s or they were deceived using an altered clock (running slow). It was found that PO during the first 30 s of all the trials was similar, regardless of the final duration of the trial. Furthermore, there was a significant reduction in PO in the last 6 s of the 36 s deception trial, but not in the 36 s informed trial. When asked, participants could not identify which trial they had been deceived in, despite the differences in PO between the trials. Ansley et al., (2004a) used this as evidence of the presence of a pre-programmed 30 s ‘end point’ based on exercise duration from previous experience with the similarity in the pacing strategy at the start of each trial being evidence that pacing strategy is centrally regulated. This is in concordance with both the theory of teleoanticipation and the CGM.
A further study by Ansley et al., (2004b) required highly trained cyclists to perform three consecutive 4 km TT intervals, each separated by 17 minutes. Cyclists were told to perform the trials in the fastest time possible but in the knowledge they had to perform three and were given no external feedback other than the elapsed distance. Ansley et al., (2004b) found that participants completed the first TT and the last trial in a similar time. However, despite similar times, pacing strategy appeared to be different between the two trials as peak PO was significantly higher in the first trial than in the last. The authors attributed this to the athletes adopting a modified pacing strategy in the second and third trials that allied the allocation of effort with the remaining duration of the work bout along with feedforward calculation and feedback regulation from afferent changes associated with peripheral metabolic structures. The overall pacing strategy in each of the trials was consistent with the classic ‘U’ shape of PO. Ansley et al., (2004b) also found that changes in PO were tracked by iEMG readings. The fact that iEMG tracked PO in a nonmonotonic fashion was suggested to be supportive of the existence of a centrally mediated pacing strategy. iEMG was not progressively higher in successive TT as would be expected if peripheral fatigue caused a progressive impairment of the PO of individual motor units, thus requiring the recruitment of progressively more motor units to compensate for the reduced PO of the fatiguing units.  
Some researchers have used hypnosis to alter brain blood flow, cardiovascular responses and effort perception during exercise as evidence for a central regulator. Williamson, McColl, Mathews, Mitchell, Raven and Morgan (2001) hypnotised cyclists to think they were cycling either uphill, downhill or on a level gradient during constant load cycling. Perceived downhill cycling decreased both RPE and blood flow to the left insular cortex and anterior cingulate cortex, whereas perceived uphill cycling significantly increased RPE, HR, mean BP, right insular activation and right thalamus activation. In a second study Williamson, McColl, Mathews, Mitchell, Raven and Morgan (2002) found that RPE, cerebral blood flow, HR and mean BP were significantly increased in imagined hand grip exercise for high hypnotisability participants, but not low hypnotisability participants. Taken together, the authors of these studies suggested that cardiovascular responses to exercise and effort perception can be largely influenced by central command. 

These studies were used in the initial creation and early support of the CGM, and as such, were not necessarily designed to directly test specific aspects of the model. In the last three years, a number of exciting studies have helped strengthen and develop the model, so that it is now widely recognised as a possible mechanism of central control.

Tucker, Bester, Lambert, Noakes, Vaughan and St. Clair Gibson (2006) used high frequency PO measurement over a 20 km TT to measure nonmonotonic changes in PO as an inference of dynamic feedforward and feedback mechanisms. Using power spectrum and fractal analyses cyclists’ PO was shown to fluctuate in a manner that could not be attributed to system noise, but was more likely due to intrinsic control processes. 

Lander, Butterly and Edwards (2009) found that enforced-constant pace rowing exercise presented a greater physiological challenge than self-paced exercise (despite no differences in performance times). The authors attributed the reduced core temperature, B[La] and iEMG in the self-paced exercise to be due to the ability of the athlete to manipulate PO, which was suggested to be part of a behavioural response to metabolic disturbance, allowing the athlete to minimise the adverse conscious sensations of fatigue experienced during exercise. Enforced pacing causes the athlete to abandon their own pacing plan and minimises the opportunity to self-manage the conscious signs of fatigue. 

Micklewright et al., (2009) used conditions of accurate, incorrect and false feedback during 20 km TT cycling to investigate the influence of previous experience and feedback on pacing. Trained cyclists completed 3 x 20 km TT, where during the first two bouts they either received accurate, false (+ 5 %) or no feedback (time, distance, PO, cadence and speed) and on the final bout received accurate feedback. They found that participants in the false feedback group selected a higher PO in TT3 that could not be maintained past 5 km. The authors concluded that the pacing strategy of the cyclists was based on an interaction between previous experience and feedback, where the previous TT experience was used as a schematic mental representation from which current performance feedback data was interpreted against. 

While these studies have supported the concept that pacing serves to keep the physiological systems taxed by exercise ‘in-check’, there are a few recent studies that have directly investigated the notion that exercise performance is limited centrally, with a ‘metabolic reserve’ to spare. Swart et al., (2008) investigated the effect of amphetamines on cycling performance at a fixed RPE (= 16). The authors found that under the amphetamine condition, participants cycled for ~32 % longer, had higher PO, O2 consumption, HR, ventilatory volumes and B[La] than in a placebo controlled condition. The authors concluded that as amphetamines allowed cyclists to sustain higher work rates and greater levels of metabolic stress for longer, while perceiving the exercise stress as identical, that human exercise performance is limited by a central component. This central component seeks to maintain a metabolic and cardio-respiratory reserve in order to protect whole body homeostasis. A series of recent studies have followed a similar theme, using analgesia to gain further insight into this proposed metabolic reserve. Amann et al., (2008) showed that a lumbar epidural anaesthesia increased relative iEMG of the vastus lateralis, maintained pedal forces despite a reduction in the number of fast-twitch muscle fibres available and increased ventilation out of proportion to a reduced CO2​ production, and HR and BP out of proportion to PO and oxygen consumption. In a follow up study, Amann, et al., (2009) used an opioid analgesic to selectively block the activity in ascending sensory pathways without affecting motor nerve activity or maximal force output. The authors found that the attenuated afferent feedback resulted in an overshoot in central motor drive and PO normally chosen by the athlete, causing a greater accumulation of muscle metabolites and excessive development of peripheral muscle fatigue. The results of these studies provide evidence for the use of afferent feedback to regulate performance and that a centrally controlled limit on exercise intensity (that operates below a true maximal level) may serve to prevent excessive peripheral fatigue from occurring. 

Arguments against the CGM
Whilst advocates of the CGM put forward a persuasive case for its role in central control, there are still many researchers who either see the model as too speculative, unfounded or implausible. Much of Noakes’ early conception of the CG was based on his refutation of the catastrophe failure model of fatigue, where cessation of exercise is proposed to be due to one or more of the bodily systems being stressed beyond capacity (Noakes and St. Clair Gibson, 2004), as lactic acid models of fatigue could not adequately explain fatigue (at altitude for example). One of the major criticisms of the CGM therefore, is that the role of other peripheral metabolites (such as Pi) and their influence on muscle force production are largely ignored in supporting commentaries of the CGM (Weir et al., 2006). The role of such metabolites have consistently been shown to elicit an effect of muscle force production however (these metabolites are discussed in more depth in section 2.5).

A second concern for the proposition of the CGM is the confusion in terminology, semantics and continued development of the model. It is proposed in the CGM model that a mechanism of central control regulates exercise intensity to avoid physiological catastrophe and maintain whole body homeostasis. Homeostasis can be defined as a relative constancy in the internal environment of the body, naturally maintained by adaptive responses that promote survival (Mosby's Medical Dictionary, 2009). However, clear changes occur at both systemic and cellular level during fatiguing exercise (rapid accumulation of lactate, H+, ADP and Pi) and therefore it is not strictly correct to state that homeostasis is maintained. It may be more correct therefore, to say that exercise intensity is not such that it causes a terminal metabolic crisis (Weir et al., 2006). 

A further argument against the supporters of the CGM is interchangeably used terms of fatigue and performance. In recent commentaries and rebuttals (Brink-Elfegoun, Holmberg, Nordland Ekblom and Ekblom, 2007; Noakes and Marino, 2008) Noakes and colleagues have somewhat confused the issue in the central governor’s role in fixed rate and self-paced exercise, stating that an individuals brain plays no direct role in determining exercise performance in fixed rate exercise (i.e. VO2max protocols). However, this suggestion goes against one of the main underpinnings of the CGM, that central downregulation occurs to protect a metabolic reserve. Although this may not affect pacing in such an instance, it would certainly affect time to exhaustion and therefore fatigue and performance. A further confusion is the inclusion of RPE acting at a conscious level and the governor acting at a subconscious level (Marcora, 2008). If the central governor retains complete control over neural recruitment of locomotor muscles, this should render the conscious sensation of fatigue through RPE redundant. This curiosity has been suggested to create an overcomplicated and inconsistent model of fatigue (Marcora, 2008). However, Marcora does not take into account the possible benefits of being consciously aware of the physiological state of the body, and how this may operate in an evolutionary or survival context. 

Further evidence, suggested as support for the CGM comes from the observation that iEMG has been shown to rise and fall in parallel with PO, when a peripheral model of fatigue would suggest that motor recruitment should increase during fatigue (discussed in more depth in section 2.4.5). However, not all studies have found this to be the case. Indeed, Hettinga et al., (2006) found that iEMG patterns of the rectus femoris (RF), vastus lateralis (VL) and bicep femoris (BF) differed. Whilst iEMG of the RF did not change or decreased (dependant on pacing strategy), iEMG of the BF and VL increased even when PO decreased. This is supportive of previous work by Ebenbichler, Kollmitzer, Quittan, Uhl, Kirtley and Fialka (1998) but is inconsistent with the CGM. The relationship between iEMG and PO appears to be unpredictable and may depend largely on protocol and the muscle groups used (Weir et al., 2006). Therefore, the usefulness of this method in supporting or refuting the CGM is questionable. 

Another major tenet of the CGM is that a VO2 plateau is never reached and that Q is never maximal as a central regulator operates a protective limiting mechanism. However, Q generally reaches a plateau and most laboratories have no difficulty in demonstrating an oxygen consumption plateau (Shephard, 2009).

Perhaps the biggest concern with CGM is that with the current laboratory methods available, it is impossible to test directly. For example, although metabolites such as Pi and Ca2+ are not directly mentioned in the CGM, their accumulation and action can be explained by the model in terms of afferent feedback – it is the classic ‘chicken or egg’ predicament. Therefore, supporting research is largely focussed on what other models cannot explain, and indirect supporting evidence of a CG. Arguments against a CG are predominantly based on examples that are better explained by other models of fatigue and flaws in the reasoning behind the CGM. This often results in a circular argument which is not beneficial to the development of knowledge. There appear to be perceptive and insightful comments and hypotheses made on both sides despite unwillingness to move from a particular standpoint. It seems more likely however, that these mechanisms are best explained by an interaction between the two areas. 

2.6.4 The Anticipatory-RPE Model

Recently, a new model for work rate regulation during exercise has been proposed (Tucker and Noakes, 2009). Termed, the anticipatory-RPE model, it follows a number of key themes highlighted in the CGM, and extends a number of proposed processes. Curiously, however, the CGM is not directly referred to in the theory paper, despite clear similarities between the models. The fundamental proposition of the anticipatory-RPE model is that the conscious perception of effort (RPE) regulates exercise performance under all conditions to protect the athlete and ensure optimal performance. Regulation is achieved through the comparisons of prior experience, anticipation of endpoint and physiological feedback. Anticipatory/feedforward, as well as feedback components, uses the expectation of exercise duration to set an initial work rate and what has been termed a subconscious ‘template’ for the rate of increase in RPE. Afferent feedback during exercise, from numerous physiological systems, generates a conscious RPE which is continuously matched against the subconscious template, resulting in adjustments in PO (see Figure 2.8). Studies using exercise in the heat (Nielsen, Hyldig and Bidstrup, 2001; Nybo and Nielsen, 2001; Tucker et al., 2004) in hypoxia and hyperoxia (Marino, Mbambo and Kortekaas, 2000; Tucker, Kayser and Rae, 2007), under glycogen depletion (Rauch, St. Clair Gibson and Lambert, 2005), using amphetamines (Swart et al., 2008) or misinformation about the exercise (Albertus et al., 2005; Nikolopoulos et al., 2001) have been used to formulate this model. However due to its recent proposition, there is no current literature that has directly tested any of its components.
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Figure 2.8 Proposed mechanisms of the anticipatory-RPE model during self-paced exercise. Black arrows denote input to the brain, grey arrows denote output or efferent processes (Redrawn from Tucker and Noakes, 2009, p. 395).
2.6.5 The Task Dependency Model

It has been suggested that fatigue cannot be explained through central or peripheral mechanisms alone, and that the search for an all-encompassing theory of fatigue is futile (Weir et al., 2006). There are circumstances where peripheral fatigue cannot explain performance decrements during fatiguing exercise, and instances where the CGM cannot satisfactorily explain fatigue. As a result, the concept of task dependency has been proposed, where the mechanism of fatigue will vary depending on the type of task that is performed and that both peripheral and central factors contribute to fatigue, although their relative importance will vary with the type of exercise (Weir et al., 2006). This model has received little further comment, either in support or refutation. This may be due to its acceptance for the possible roles of all mechanisms of fatigue or the difficulty in explaining central and peripheral contributions in different scenarios. Despite this, it appears to be a highly rational and logical explanation for fatigue during exercise, acknowledging the complexity of the process. The best answer to ‘what causes fatigue’ therefore, is perhaps ‘it depends’.

2.7 Regulation of a pacing strategy 

Section 2.2 has highlighted the link between pacing and fatigue, and sections 2.3, 2.5 and 2.6 have discussed how fatigue may be caused during exercise and how the body may work to avoid or regulate this. This regulation of intensity or avoidance of catastrophe is the very essence of a pacing strategy and both the teleoanticipatory system (section 2.6.2), the CGM (2.6.3) and the anticipatory-RPE model (2.6.4) describe the link between a pacing strategy and the regulation of exercise intensity. These complex feedforward, anticipatory and feedback mechanisms have complete reliance on two vital pieces of information – the knowledge of endpoint and the judgement of proximity to endpoint. Without this information, the allocation of intensity for the remaining exercise bout cannot be accurately assigned. Therefore, there must be some internal structure that can effectively monitor the passage of distance or time, so that accurate comparisons of feedforward templates and feedback information can be compared. Such a mechanism has been proposed to exist – an internal clock, working in a scalar fashion at a subconscious level and situated in the brain, which judges estimated time remaining based on the distance left to complete (St. Clair Gibson et al., 2006). The existence of this timing mechanism in an exercise context was based on studies where distance feedback was manipulated (Albertus et al., 2005) and where false distances were given (Nikolopoulos et al., 2001) although the concept of scalar timing theory is by no means a new concept (Gibbon and Church, 1981). Further support for this concept is taken from other species, such as birds’ migratory behaviours and rat feeding patterns (St. Clair Gibson et al., 2006). However, despite the apparent complete reliance of the CGM, teleoanticipatory system and anticipatory-RPE model on such a mechanism, there is a surprising lack of research on how it may operate. 

2.7.1 Mathematical Modelling

Theoretical or mathematical models can be designed to predict individual and team performance by utilising either direct field or laboratory measurements. Performance modelling focuses on numerous dependent variables, which are critical for the cyclist’s potential optimal performance (Faria et al., 2005a). These models allow the estimation of the power required to perform particular events under differing conditions, or the PO required to cycle at a certain speed by adjusting the model for important factors affecting cycling performance. Such models have been used to predict the power requirements needed to better the prestigious 1-hour record, 4 km team and individual pursuit races and other competitive events (Faria et al., 2005a). Factors such as body mass, height, saddle position of the cyclist, type and aerodynamic characteristics of the cycle and cyclist’s apparel, surface rolling resistance, wind, temperature, air density, humidity and many more have proven valuable in the prediction of performance (Bassett, Kyle and Passfield, 1999). Therefore, mathematical performance models of cycling can, and have, been used to:

1. Predict cycling performance;

2. Identify individuals who have the physiological requirements for success;

3. Quantify how changes in modelling parameters might affect performance;

4. Quantify other aspects of performance (such as relative aerobic and anaerobic energy contribution) (Atkinson et al., 2007).

In a cycling event, the interplay between power production and power dissipation results in a certain velocity profile over the race. By accommodating these variables into a mathematical model it is possible to simulate a race and predict the velocity profile and performance time (De Koning et al., 1999). This method has been used by several authors (De Koning De Groot and van Ingen Schenau, 1992; van Ingen Schenau, De Koning and De Groot, 1990, 1994) in various exercise modes to examine the effect of pacing strategy on performance. In these instances, the use of mathematical simulations led to the detection of optimal pacing strategies for the production of optimal performance. Therefore, the use of mathematical models can be a useful tool in the identification of optimal pacing strategies to maximise performance. 

2.7.2 Types of pacing strategy

In a variety of exercise tasks under varying conditions, a number of different pacing strategies may be more beneficial to optimum performance, rather than a global pacing strategy (Abbiss and Laursen, 2008). This section will briefly examine the different types of pacing strategy utilised in athletic competition.

Negative pacing

This occurs when there is a gradual increase in speed over the duration of the event. The strategy is proposed to reduce the rate of carbohydrate depletion, minimise oxygen consumption and lower the accumulation of fatigue related metabolites early on in the event. Therefore, such a strategy is commonly seen in prolonged exercise tasks (Abbiss and Laursen, 2008).

Positive pacing

A positive pacing strategy is where an athlete’s speed gradually declines over the course of the event. As the relative time spent accelerating may influence pacing strategy, especially in shorter duration events, a positive pacing strategy is frequently observed in events such as swimming and relay athletics, where this time is reduced. The adoption of a positive pacing strategy results in an increased VO2, increased RPE and greater accumulation of fatigue related metabolites during the early stages of an exercise task (Abbiss and Laursen, 2008). Therefore, the subsequent reduction in speed may be a direct response to these processes. The relatively fast start in this strategy may be due to the unrealistic ambitions of the athlete, and could also be linked to Ulmer’s (1996) proposition of a period of lag-time.

All-out pacing
 
As previously mentioned, the energy and time cost associated with the acceleration phase in some events can be extremely high, particularly in shorter events (e.g. 100 m sprint and 1 km cycle TT). In the 100 m sprint, world class runners spend 50-60 % of the entire race time in the acceleration phase. As the energy expenditure required to accelerate is inevitable, this energy is best distributed at the start of shorter events, as submaximal movement speed at any point will result in slower performance times (Abbiss and Laursen, 2008). As this acceleration phase is proportionally greater in shorter events, optimal performance in these cases may be better achieved if the athlete starts and continues to use an all-out strategy.

Even pacing

During longer events, the starting strategy exerts a lesser influence on overall completion times. It has been suggested therefore, that under stable conditions, a constant pace is optimal for prolonged (>2 minutes) locomotive events such as running, cycling, rowing and skiing (Abbiss and Laursen, 2008). Some studies show that more successful athletes use a more even pacing strategy (Padilla, Mujika and Angulo, 2000; Wilberg and Pratt, 1988). The theory of the benefits of even pacing is primarily based on critical power models (Fukuba and Whipp, 1999) and mathematical laws of motion (Di Prampero, Cortili and Mognoni, 1979) and state that even minor fluctuations in speed can result in greater energy cost. However, evidence from self-paced TT, using high a PO capture rate, suggests that non-monotonic variations in PO are beneficial to a cyclist’s performance and perception of effort (Lander et al., 2009; Tucker et al., 2006).

Parabolic shaped pacing

Researchers have shown that in middle and longer distance events, athletes will frequently reduce speed during an exercise bout but will then tend to increase speed again in the latter section of the exercise. This adoption of both a positive and negative pacing strategy will result in a ‘U’, ‘J’ or reverse ‘J’ shaped PO of speed profile (Abbiss and Laursen, 2008). This type of pacing strategy has been used as evidence of anticipatory/feedforward control, regulatory afferent feedback and a metabolic reserve and is thus frequently mentioned in commentaries of the CGM and teleoanticipation.  

Variable pacing

In laboratory conditions, pacing is usually unaffected by external factors such as temperature, topography and wind speed (unless directly manipulated by the researcher) and therefore the majority of pacing research has taken place in controlled conditions (this highlights the need for further field based research on pacing). However, in road cycling it would be highly unlikely that these variables would remain fixed over the course of a race. In these variable conditions it has been suggested that a variable pacing strategy may be optimal in producing the fastest completion times (Abbiss and Laursen, 2008). As a relatively constant velocity is desirable in race conditions, an elevated PO in certain sections of a race (e.g. into a headwind or uphill) would serve to counteract certain variable conditions and minimise the resultant change in velocity (Atkinson et al., 2007). Further to this, it may also be beneficial to keep metabolic rate consistent. Although no change in speed is not realistic with some of the changes in environment experienced (cyclists for example operate at high intensities for the majority of a race and increasing their PO enough to prevent a drop in velocity would not be viable), even a small change in PO (5 %) to counteract such conditions can significantly improve performance time (Atkinson and Brunskill, 2000).

2.8 Summary of Literature Review

Ultimately, performance in moderate to long duration locomotive events such as cycling, running, skiing, rowing and kayaking (to name a few) will be determined by the athletes ability to resist fatigue (Beneke and Böning, 2008). Athletes who take longer to reach a certain level of fatigue, or are able to better tolerate a particular intensity, will more than likely perform to a greater level than those athletes who can not. Unfortunately, what exactly causes fatigue is a highly complex issue and not well understood. Fatigue can be seen as an event (Booth and Thomason, 1991), a process (Gandevia, 2001) or a sensation (Noakes et al., 2005). Furthermore, there appear to be many factors that may bring about fatigue and impair performance, including peripheral factors such as an accumulation of Pi, increased core temperature, accumulation of H+ or an inhibition of Ca2+ release. Arguments for a CG which ultimately limits performance see these processes only as signallers that help monitor workrate (Noakes et al., 2005; Tucker and Noakes, 2009). Furthermore, changes in brain chemical concentrations such as dopamine and serotonin have also been proposed to elicit an effect on motivation to exercise (Meeusen et al., 2006). It is possible that all of these components contribute in some way to fatigue and task performance, and their relative importance may be dictated by the nature of the task at hand, environmental conditions and the individual (Weir et al., 2006). Therefore, identifying a global cause of fatigue is perhaps unrealistic, and further work should be focussed on the predominant causes of fatigue in particular conditions or events. 
A major component affecting success in cycling has been identified as the formulation and maintenance of an appropriate pacing strategy (Foster et al., 1994), and an important aspect in pacing is the ability to regulate the rate of fatigue development (Hettinga et al., 2006). Exciting new models propose that task failure occurs as a result of a CG, which regulates work rate to prevent a true maximum from ever being attained (Noakes et al., 2005; Tucker and Noakes, 2009). This protective mechanism is proposed to use anticipatory/feedforward and feedback mechanisms to regulate work rate in such a way that exercise is completed without premature fatigue, but in an optimal manner. In self-paced exercise, intensity (pacing strategy) is dictated by the athlete and therefore, according to the CGM, work rate regulation will be completely controlled by central processes. According to these models of central control, a metabolic reserve exists, which in normal circumstances is not allowed to be accessed, and therefore performance is never truly maximum. Although the adoption and maintenance of a pacing strategy was identified as a major pillar of support for the CGM, little further research has been conducted which explores its fundamental concepts. This is surprising given the potentially significant performance improvements that may be attained following greater understanding of certain aspects, such as the metabolic reserve. Indeed, basic underpinnings that are needed to form and maintain a pacing strategy, such as distance feedback, distance knowledge, prior experience, internal timing mechanisms and the role of afferent feedback have largely escaped the attention of researchers, with focus being more on how the model may fit into different exercise scenarios (Noakes et al., 2005) and further developments (Tucker and Noakes., 2009). These models have come under much criticism, largely due to the lack of supporting studies (Shephard, 2009) compared with theory and review papers (Noakes et al., 2005; Noakes and St. Clair Gibson, 2004; St. Clair Gibson et al., 2006) and frequent over-speculation based on minimal evidence. However, these theories are beginning to gain greater support and are still in their infancy. Therefore, there are potentially a number of areas within these models which require further research to support theory and aid understanding.

2.9 Aims of the thesis

The overall aim of this thesis is to identify and further explain the key components involved in the anticipatory, feedforward and feedback control mechanisms that are proposed to exist in self-paced, competitive exercise. Through a series of novel studies, the thesis will explore the following concepts that are proposed to form key pillars of the CGM, but have to-date largely escaped researchers direct attention. The CGM has direct implications for exercise performance and as such, this thesis will draw the reader’s attention to how performance may be improved through furthering understanding of this model. 

· Identify the key pieces of information required prior to, and during exercise in order for an athlete to produce a competitive performance;

· Establish the importance of the postulated ‘internal clock’ to the setting


and maintenance of a pacing strategy;

· Identify whether performance can be improved by increasing accuracy of


the internal timing mechanism;

· Identify whether performance is compensated when internal timing is


compromised by variation in exercise distances;

· Examine the role of performance feedback in time trial cycling. Whether

feedback improves performance by facilitating pacing strategy comparison and/or increasing levels of motivation;

· Examine the role of perceived pain as an afferent/feedback signaller

during exercise and how this may limit performance below a potential maximal capacity;

· Coalesce and synthesise the findings from the thesis and apply them to


current versions of the CGM to establish a more comprehensive model;

· Speculate how this model may be important for producing optimal


performance in TT based sports. 

CHAPTER THREE

GENERAL METHODS
3.1 Recruitment and ethical approval 
Prior to the commencement of each study ethical approval was obtained from the Institutional Ethics Committee. Participants were recruited from local cycling clubs in the South West region. Initial contact was made with either the club captain or the club’s cycling coach who subsequently distributed the study information sheets and consent forms (see Appendix A) to club members, which explained and outlined the study details and scope of the cyclists’ involvement in the study. Cyclists who were interested in participating in the studies then contacted the researcher and further information was given if so required. Those cyclists who were then interested in participating in the study filled out a written consent form, which stressed that consent was given on the understanding that the participant could withdraw from the study at any time. 

Studies one, two and four were all conducted at the School of Sport and Health Sciences University of Exeter using the same laboratory and equipment (see section 3.2 and 3.3). Study three was conducted at Newport Velodrome, Wales. 

3.2 Pre-test measurement and familiarisation 
Each participant attended a familiarisation session at the start of each study. The familiarisation session introduced the participants to the test procedures and also allowed the opportunity to take descriptive body measures. Before any use of equipment or measurements was taken participants were required to complete a health questionnaire (see Appendix A). Descriptive measures of mass and stature were then recorded, followed by an opportunity for the participants to practice the cycling protocol on the Computrainer.

Stature was measured using a stadiometer (Seca 220, Vogel and Halke, Hamburg, Germany). The participant removed their shoes and stood upright with heels and toes together and their back to the stand. Participants were encouraged to stand tall and look straight ahead. Stature was then measured to the nearest millimetre. Body mass was assessed using electronic weighing scales (Seca 200, Vogel and Halke, Hamburg, Germany). Participants removed their shoes and stood on the scales whilst dressed in their cycling apparel. Body mass was measured to the nearest 100 g. Following these measurements, the participants were given the opportunity to familiarise themselves with the Computrainer and mounted bicycle and practice the study protocol (in the case of study two and study four). As all participants were well-trained cyclists, they all had significant previous experience with using turbo-type cycle trainers that allow the mounting of the cyclists’ own bike. As half the participants in study one would not know the distance they had to cycle, all participants were not told of the distance and were just given the opportunity to cycle on the Computrainer. As the Computrainer was not used in study three, this familiarisation process did not take place. Following habituation with the Computrainer, all participants were fully familiarised with the RPE scale (Borg 1982).
3.3 Performance measures
3.3.1 Calibrating the Computrainer

All cycle based tests in studies one, two and four took place on a Computrainer Lab cycle ergometer (Racermate, Seattle, WA, USA). Prior to performing any performance tests on the Computrainer it is necessary to calibrate the system in accordance with the manufacturer’s recommendations. The participant warmed-up the rear tyre and load generator by cycling at ~150 W for a period of ten minutes. Following this, the cyclist accelerated the system up to a speed of 25 mile∙h-1 and then free-wheeled for a standard calibration figure to be registered. This procedure was repeated until the calibration figure remained stable at a registered ‘press-on force’ of 2.00-2.10 lbs. Following the calibration participants continued to ‘spin’ until the test protocol began in order to avoid system cool down. In-house calibration of the accuracy and reliability of the Computrainer was completed prior to any testing; results from these tests are shown in Appendix B.

3.3.2 Maximal Incremental Test to Exhaustion (MIE)

With the exception of study three, all participants visited the laboratory prior to the testing occasion to complete a maximal incremental test to exhaustion (MIE) to determine their VO2peak and peak power output (POpeak). Prior to the MIE participants were instructed to maintain a stable cadence and that the test would be ended either when their cadence dropped to below 75 RPM or when they stopped voluntarily. The test at started at a work rate of 150 W and increased by 20 W·min-1 until the subject could no longer maintain the required cadence, or stopped voluntarily. RPE was recorded every minute (Borg, 1982) by the researcher presenting the participant with the RPE scale. This also served as a further familiarisation with the scale prior to the main test protocol. The researcher gave verbal encouragement throughout all maximal tests.

3.3.3 VO2peak
During the MIE oxygen uptake and other ventilatory and gas exchange responses (VE, VCO2 and RER) were measured using a Cortex MetaLyzer (Cranlea, Birmingham, England). The mean coefficient of variation of VO2peak values attained using this equipment has been reported to be 5 % (in house data). A sample line and volume transducer running from the MetaLyzer were attached to a turbine (Cortex MetaLyzer DVT transducer, Cranlea, Birmingham, England), which in turn was securely fixed to a face mask worn by the participants. The face mask covered the nose and mouth and was available in three sizes. To ensure a seal around the face mask the experimenter temporarily placed their hand over the turbine whilst asking the participant to expire, if fitted properly the mask would be airtight. The MetaLyzer was interfaced to a laptop installed with Metasoft III software (Cranlea, Birmingham, England). Prior to each test the Metalyzer automatically recorded ambient air temperature and pressure. During a test the software continuously captured ventilatory data, which were subsequently averaged over 15 s time periods. The MetaLyzer-Metasoft interface also allowed the direct capture of HR data from a polar heart rate monitor. All data captured by the Metasoft III were then exported and stored as an Excel spreadsheet. 

The Metalyzer was calibrated each morning prior to testing. A 3 L air syringe (model 5530, Han Rudolf Inc., Kansas City, USA) was used to perform a volume calibration. The syringe was repeatedly filled and emptied at a rate dictated by an on-screen rhythm bar. The software instructed the calibrator to stop when five satisfactory inspirations and expirations had been collected. A system generated calibration factor was displayed and accepted provided this was within the expected range. A two-point gas calibration was also undertaken each morning. For the first point the sample line was exposed to ambient air, the air was continuously sampled until stable O2 and CO2 levels were achieved. The second point of the calibration was performed using a calibration gas of known quantities of O2 (15 %) and CO2 (5 %). The sample line was attached to a 1.5 L bag containing the calibration gas and a continuous sample was taken until gas measurements became stable. The software automatically calculated factor and offset values for each gas, which were accepted providing they were within the expected range. Prior to each test measurement ambient air measurement was required as a one-point calibration check. 

On completion of the MIE the participants VO2peak was defined as the highest VO2 value recorded by the Metasoft software.

3.3.4 POpeak
Peak power output was defined as the highest PO averaged over 10 s. For example, as the MIE began at 150 W and increased by 20 W·min-1, a participant who stopped cycling after 12 minutes and 15 seconds would have a POpeak of 390 W. As well-trained cyclists were used for the studies and POpeak is a strong predictor of cycling performance (Lucia et al., 2001a), participants who achieved <370 W on the MIE were not considered for the study.

3.4  Test performance measures 

3.4.1 Time Trials

In studies one, two and four (study three was field based and thus utilised a unique protocol) the main test protocol involved participants cycling either a single (study four) or repeated distance time trial (TT) of either 4 km (study one, study two), 6 km (study two) or 16.1 km (study four). Aside from the number of intervals or different distances completed, the set-up and structure of these TT was otherwise the same. After completing the Computrainer manufacturers guidelines for warming up the system and calibration (see section 3.3.1), the Computrainer Stand Alone unit was connected into an external laptop running the Computrainer 3D Software (version 3, Racermate, Seattle, USA). The researcher had already built and saved the necessary TT course for the study, which was then loaded up for the participant to ride. In all studies, the TT course was straight, flat and had a wind speed of 0 miles∙h-1. Each TT commenced following a ‘3,2,1’ countdown and the participant was free to vary their cadence and gear ratio throughout, allowing speed and PO to continuously altered. The Computrainer 3D Software continuously recorded cycling time, speed, PO and cadence which was then averaged over 10 s periods and saved as a race file. For each study, participants were instructed to complete all TT in the fastest time possible (but in the knowledge that four were to be completed in the case of study one and two). A fan was positioned forwards and to the side of the subjects throughout testing and participants were allowed to drink water ad libitum before, after and during the rest periods between any intervals (study one and two).
3.4.2 Oxygen Uptake

During the TT in studies one, two and four oxygen uptake and other ventilatory and gas exchange responses (VE, VCO2 and RER) were continuously measured using the methods previously described (section 3.3.3).
3.4.3 Heart Rate

During the TT in studies one, two and four HR was monitored using polar heart rate monitors (Polar Inc, NY, USA). A transmitter worn just under the chest muscles transmitted the HR signal to a receiver attached to the participants’ bike, which was coupled to the MetaLyzer. HR was averaged over 15 s sampling periods. On completion of the test, HR data was exported from the MetaLyzer software to an Excel spreadsheet.
3.4.4 Blood Lactate

At various points before, during and after the TT in studies one, two and four, capillary blood samples were drawn from the finger tip of the participant. The site was first cleaned with an alcohol swap and allowed to dry. The finger tip was then punctured using an automated instrument (Hemocue, Angelholm, Sweden), which inserted a sterile needle to a depth of 2.25 mm. Gentle pressure was then applied to the thumb tip, the initial blood wiped clear and the a sample of arterialised whole blood (25 μL) was collected in a heparinised tube (Microvette CB300, Sarstedt, Germany). Each sample was then immediately analysed for levels of blood lactate with an YSI 2300 Stat Plus Analyser (Analyser (Yellow Springs Instruments, Ohio, USA). The YSI analyser was automatically self-calibrated every 15 min with a known concentration of lactate. Additionally each morning prior to testing the linearity of lactate measurements was checked using three samples of a 15 mM standard. A mean coefficient of variation of 1.4 % has been found for blood lactate samples obtained using the set-up described (determined from data collected in house).
3.4.5 Perceived Exertion

Perceived exertion was measured during studies one, two and four using the Borg 6-20 RPE scale (Borg, 1982). Participants had already been familiarised with the scale during the familiarisation period (section 3.2) and during the MIE (section 3.3.2). During the TT, participants were presented with the scale and asked to call-out or point to their RPE, or had the scale constantly on display and were asked to call-out their RPE without prompting from the researcher. 
CHAPTER FOUR

STUDY ONE

INFLUENCE OF FEEDBACK AND PRIOR EXPERIENCE ON PACING DURING A 4 KM CYCLE TIME TRIAL

4.1 Introduction

Where the time to completion is the measure of success in an event lasting longer than 60 seconds a pacing strategy bears a large influence over success or failure (Foster et al., 1994). A pacing strategy has been defined as the variation of speed over the race by regulating the rate of energy expenditure (Hettinga et al., 2006). Appropriate regulation of energy expenditure should reduce the rate of fatigue development and thus enhance performance. 

Two main theories exist that describe the origins of fatigue. The most popular theory is termed peripheral fatigue and can be defined as fatigue produced by changes at or distal to, the neuromuscular junction (Gandevia, 2001). This theory revolves around causative factors such as metabolic inhibition of the contractile process and excitation-contraction postulated failure via accumulation of intramuscular metabolites, although the particular metabolite(s) that has the most important role is disputed (Baker et al., 1993; Cady et al., 1989; Kent-Braun, 1999; Wilson et al., 1988). The other postulated origin of fatigue is from a supraspinal or spinal level, otherwise termed central fatigue (Gandevia, 2001). Central fatigue can be defined as a reduction in neural drive to the muscles, resulting in a decline in force production or tension development that is independent of changes in skeletal muscle contractility (Enoka and Stuart, 1992). 

One explanation for how peripheral contractility is controlled centrally has been proposed by Ulmer (1996) in the theory of teleoanticipation. Before an exercise bout, the body ‘anticipates’ the optimal arrangement of exertion so as to avoid early exhaustion before reaching a finish point. Thus, the importance of the knowledge of exercise end-point is stressed. Ulmer theorised that there must be a ‘central programmer’ which focuses on the finishing point of the task and works backward from that point when regulating optimal metabolic rate and motor output. More recently, a new model of central fatigue has been proposed, termed The Central Governor Model (CGM), which is based on teleoanticipation. It is hypothesised that physical activity is controlled by a central governor in the brain, which interprets fatigue as a sensation, based on afferent feedback from the periphery. The governor then adjusts skeletal muscle motor unit recruitment which is manifested in a continuously refining pacing strategy, with the primary aim of avoiding physiological ‘catastrophe’ (Noakes et al., 2005). If the aim of a pacing strategy is to regulate energy expenditure, then this should be under the control of the theorised central governor and thus be an important variable to monitor. CGM supporters stress the importance of recognising fatigue as a sensation, and so RPE is a tool that has been frequently used in research to investigate the role of perceived exertion on the setting of a pacing strategy (Albertus et al., 2005; Ulmer et al., 1996).

The majority of evidence that is used to support teleoanticipation and the CGM comes from exercise in environments such as heat (Nielsen et al., 1993; Nybo and Nielsen, 2001; Tucker et al., 2004) and at altitude (Calbert et al., 2003; Noakes et al., 2001; Noakes et al., 2005, Peltonen et al., 2001). Yet in these examples ecological validity has been limited due to power output (PO) either being fully or partly dictated by the protocol. Where exercise has been self-paced, similar results have been found in several studies (Ansley et al., 2004a; Ansley et al., 2004b, Nikolopoulos et al., 2001; Rejeski and Ribisl, 1980; Zohar and Spitz, 1981). However, the data from these studies are difficult to reconcile due to methodological differences (see sections 1.2, 2.6.2, 2.6.2).

The measurement of EMG changes in exercised muscle is widely used in research investigating central fatigue. This is based on the assumption that these changes reflect variations in central neural drive (St. Clair Gibson and Noakes, 2004). According to peripheral theories, integrated EMG (iEMG) activity should increase progressively to compensate for impaired contractile function caused by metabolic changes. Central theories, however, state that both force and iEMG activity will fall in parallel, indicating that the recruitment of fewer motor neurones has caused the work output of the muscles to fall (Ansley et al., 2004b; Hettinga et al., 2006; St. Clair Gibson and Noakes, 2004).

Although the importance of distance knowledge, feedback and prior experience is heavily stressed in the theories of the CGM and teleoanticipation (Noakes et al., 2005; Ulmer, 1996), there is limited research that focuses on these factors and their role in the setting of a pacing strategy. To provide stronger scientific grounding for these theories of central fatigue, empirical research should concentrate on explaining these principal components of the model. Athletes in competitive situations are not constrained by fixed cadences, PO or intensities based on VO2, and this should therefore be taken into account in studies investigating this phenomenon. 

The aim of the current study was, therefore, to establish whether an athlete can adopt a successful pacing strategy that is based on prior experience alone. A group of well trained cyclists were randomly assigned to two groups (experimental [EXP] and control [CON]), and were given different levels of distance feedback over a series of time trials (TT). It was hypothesised that distance blinded participants in the EXP group with prior experience of the TT would be able to develop a pacing strategy that was as successful as the CON group who received prior distance knowledge and distance feedback.

4.2 Methods

4.2.1 Subjects

Eighteen well trained (VO2peak = 61 ± 5 mL-1∙kg-1∙min-1, POpeak = 397 ± 51), competitive male cyclists, aged 28 ± 10 yr, were recruited to participate in this study. These participants were selected because they participated in regular, structured training (11.5 ± 3.5 h∙wk-1) and competed frequently approximately one competition per week. The study was conducted with approval of the Institutional Ethics Committee and participants read and signed a form of written informed consent. Before testing, participants were randomly assigned to two groups: CON and EXP. The subjects were told that the study was about the reliability of repeated TT of the same distance on a new cycle ergometer. However, on completion of the study, all participants were debriefed about the deception and the completed protocol.
4.2.2 Familiarisation

Prior to testing all participants underwent the familiarisation procedure described in section 3.2.

4.2.3 VO2peak test

On the second visit to the laboratory all participants completed a MIE following the protocol described in section 3.3.

4.2.4 Time trials

Within 7 d of the MIE, each participant returned to the laboratory at the same time of day (± 2 h) to perform four consecutive 4 km TT. Successive TT were separated by approximately 17 min, which included a 10 minute recovery period where the cyclist could do as they liked (this either involved spinning or a brief period off the bike to stretch), a 5 min cycling warm-up at a self selected intensity, and a 2 min countdown during which participants cycled at a speed of 25-35 km·h-1. The participants in the CON group were told that they would complete 4 x 4 km TT. The CON group were given distance feedback throughout each TT in the form of elapsed distance shown on a computer screen. The EXP group was told that they would complete four TT of the same distance but they were not told the distance to be completed. The EXP group did not receive any distance feedback during the TT. Participants were told that each TT would involve a bout of maximal aerobic exercise. For both groups, all time cues were removed from sight. Neither group was informed of their completion times until after the final TT. Each TT followed the same protocol previously described in section 3.4.1 and oxygen uptake and HR were recorded as described in sections 3.4.2 and 3.4.3. At the start of each 2 min countdown, immediately after each TT, and 5 min after the end of each TT, a finger tip blood sample was taken following the procedure described in section 3.4.4. At the start of each TT, the end of each TT, and for each kilometre elapsed, participants in the CON group were asked their RPE. In the EXP group, it was paramount that they received no external cues of time or elapsed distance; therefore, RPE was asked at the beginning and the end of each TT, and participants were asked to call out their RPE for every kilometre they thought had been completed.
4.2.5 Isometric testing of skeletal muscle function

Immediately before the MIE test and the TT test, each participant’s peak isometric force was measured on an isokinetic dynamometer (Biodex System 3 Pro, Biomedical Systems Inc, Shirley, NY). The peak force produced by an isometric contraction of the quadriceps muscles of the right leg was tested at an angle of 60 º, with full knee extension being the 0º reference. Participants performed four 50 %, two 70 %, one 90 % and one 100 % maximum voluntary contraction (MVC) familiarisation of 5 s each as a warm-up (Ansley et al., 2004b). After this, each participant performed four 5 s MVC with a 5 s rest between trials.
4.2.6 EMG activity
Muscle recruitment was assessed during the isometric test, as well as during the TT by measuring EMG activity of the vastus lateralis (VL) muscle of the right leg. Silver/Silver chloride electrodes (Ambu Blue Sensor T, Ballerup, Denmark) with a rectangular sensor area of 27 mm2 (9 x 3 mm) set in an area of 254 mm2 of highly conductive gel were attached to the subjects lower limb before the start of all testing. The skin overlying the VL was first shaven, abraded with sandpaper and then cleaned using an alcohol swab. The bipolar electrode was placed according to the figures provided in the EMG software (MegaWin, Mega Electronics Ltd, Finland) on the area of greatest muscle bulk, lateral to the rectus femoris on the distal half of the thigh. Electrodes were linked to the unit used to record the EMG signal (Muscle Tester ME3000PB, Mega Electronics Ltd, Finland) which was connected to a host computer. To secure electrodes in place, a sports bandage was wrapped around the participant’s leg. EMG activity was recorded during the second MVC of the isokinetic test. EMG activity was recorded during the whole TT with a sample rate of 2000 Hz (Hunter, St. Clair Gibson, Lambert, Nobbs and Noakes, 2003). The EMG activity coinciding with the second MVC was used to normalise the EMG values recorded during the TT. EMG was collected in raw form and stored using the MegaWin software to preserve the integrity of the signal and allow a variety of subsequent manipulations using software (Gleeson, 2001). EMG data for the 10 s period surrounding each kilometre completed was cut from the raw data to be analysed. To remove external interference noise and movement artefacts, the raw EMG signals from these 10 s periods were filtered with a second order Butterworth band-pass filter (10-400 Hz). The filtered EMG data were full-wave rectified and smoothed with a low-pass, second order Butterworth filter with a cut-off frequency of 10 Hz (Hettinga et al., 2006). Mean EMG (iEMG) was calculated over a 10 s period surrounding each elapsed km and normalised relative to the iEMG recorded during the MVC.
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Figure 4.1 Schematic of the interval TT (4x4 km TT) exercise bout performed by all participants.
4.2.7 Statistical analysis

Descriptive data are presented as mean ± SD. It was estimated that a sample size of approximately 14 was required to achieve a statistical power of 80 % at an alpha level of 0.05 (Rosner, 2006) based on a similar previous study (Hettinga et al., 2006). After the MIE, an independent t-test was employed to determine whether there were significant baseline differences between groups, of which none were observed. To examine differences between groups for completion time, PO, speed, and blood lactate (B[La]), a two-way analysis of variance (ANOVA) with repeated measures was used. Linear and quadratic interaction terms were used to examine any changes in variables between groups over TT. Where convergence in variables was observed over TT, differences in TT1 were examined using an independent t-test. Pearson correlations were used to analyse the relationship between iEMG and percentage of mean PO sustained. Data points for iEMG and percentage of mean PO were taken for every kilometre of each TT in each group, so that sixteen data points were available for both variables for each group. Differences in these correlations were then assessed using a data matrix on the Statistical Package for the Social Sciences (SPSS Inc., Chicago, IL) and regression analysis. Significance was accepted at p < 0.05. 
4.3 Results

4.3.1 Time to complete TT

Independent samples t-tests revealed that the time to complete TT1 was significantly different between groups (t16= 2.51, p = 0.03), with the CON group completing TT1 in a faster time (367.4 ± 21 s) than the EXP group (409.4 ± 45.5 s). A two way ANOVA with repeated measures revealed a significant main effect on completion time (p < 0.05) and TT × group interaction effect on completion time (p < 0.00). A significant linear contrast in completion time between groups was found (F1,16 = 12.39, p = 0.00). No significant quadratic contrast between groups was revealed (F1,16 = 3.14, p > 0.05), and no significant group effect was evident (F1,16 = 2.21, p > 0.05). Therefore, the magnitude of the difference in completion time between groups reduced linearly across TT1-TT4 (see Figure 4.2).
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Figure 4.2 CON and EXP groups’ time to complete each TT. The graph shows a convergence in the TT completion time between the two groups across the TT. *Time to complete TT1 is significantly different between CON and EXP groups.

4.3.2 Mean speed and PO

Independent samples t-tests revealed both mean speed (t16 = -2.5, p = 0.02) and mean PO (t16 = -2.5, p = 0.02) in TT1 to be significantly different between the two groups.  A two way ANOVA with repeated measures found a significant main effect for TT on mean speed (p < 0.00) and TT × group interaction effect on mean speed (p < 0.05). No significant main effect for TT on mean PO was found (p > 0.05), but a significant main effect for TT × group on mean PO was observed (p < 0.05). A significant linear contrast in mean speed (F1,16 = 12.94, p < 0.0005) and mean PO (F1,16 = 13, p < 0.0005) was found, but no quadratic contrast between groups was found for either variable (p > 0.05). No significant group effect was observed in either variable (p > 0.05). Thus differences in mean speed and mean PO between groups reduced linearly with each subsequent TT. Figure 4.3 shows the group mean PO over all TT.
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Figure 4.3 Mean PO for CON and EXP groups across TT. The graph shows that the magnitude of the difference in mean PO between groups reduces from TT1 to TT4. *Mean PO is significantly different between CON and EXP groups in TT1 (p = 0.02).

4.3.3 POmax
A two way ANOVA with repeated measures revealed a significant main effect for TT on POmax (p < 0.05), but no significant main effect for TT × group on POmax (p > 0.05). No linear or quadratic contrast in peak power output was observed between groups (p > 0.05). A significant main effect for group was found (F1,16 = 9.15, p < 0.0005). Independent samples t-tests showing a significant difference between groups in TT1, TT3 and TT4, with the CON group producing higher POmax (TT1 t16 = -3.13, p = 0.01; TT3 t16 = -2.72, p = 0.01; TT4 t16 = -2.73, p = 0.01). Peak power output for both groups across TT are shown in Table 4.1.
Table 4.1 Mean values for POmax, VO2peak, EB[La], and end RPE for groups attained over consecutive 4 km TT
	TT
	Group
	Peak Power (W)
	VO2peak
(mL∙kg-1∙min-1)
	End [B]La (mmol∙L-1)
	End RPE
	% Max HR

	TT1
	CON
	439 ± 64*
	57.1 ± 7.6
	8.5 ± 2.5*
	18 ± 2
	97 ± 2

	
	EXP
	320 ± 93
	46 ± 11
	3.76 ± 3.18
	14 ± 2
	85 ± 8

	TT2
	CON
	413 ± 74*
	55.4 ± 8.3
	7.46 ± 2.68
	18 ± 1
	97 ± 2

	
	EXP
	343 ± 69
	51.9 ± 5.3
	5.28 ± 2.78
	16 ± 2
	91 ± 3

	TT3
	CON
	451 ± 97
	54.9 ± 7.2
	7.4 ± 1.9
	19 ± 1
	97 ± 2

	
	EXP
	351 ± 52
	55.7 ± 6.2
	6.8 ± 2.77
	17 ± 1
	95 ± 3

	TT4
	CON
	461 ± 102*
	54.6 ± 8.3
	7.79 ± 1.66
	19 ± 1
	98 ± 2

	
	EXP
	362 ± 36
	58 ± 5.4
	6.76 ± 2.1
	18 ± 1
	96 ± 2


Values are expressed as mean ± SD.

Peak Power represents the highest PO attained during the TT. *Peak power output is significantly different between CON and EXP group in TT1, TT2 and TT4 (p = 0.01).

*End [B]La is significantly different between CON and EXP group in TT1 (p = 0.00).

% Max HR represents the highest HR achieved, as a percentage of maximum, during the TT.

4.3.4 End blood lactate (EB[La])

An independent samples t-test revealed a significant difference for EB[La] between groups in TT1 (t16 = -3.54, p < 0.0005). A two way ANOVA with repeated measures found a significant main effect for TT EB[La] (p < 0.05) and a significant main effect for TT × group on EB[La] (p < 0.05). A significant linear (F1,16 = 9.6, p < 0.0005) and quadratic (F1,16 = 9.35, p < 0.0005) contrast in EB[La] between groups was found; EB[La] for both groups across TT is shown in Table 4.1. EB[La] therefore displayed a convergence between groups from TT to TT4. No significant group effect was observed (p > 0.05). 

4.3.5 Integrated EMG (iEMG)

In all the CON trials, iEMG dynamically tracked changes in PO. Figure 4.4 shows how iEMG and PO rise and fall in parallel during each TT. A significant positive correlation between iEMG and percentage of mean PO in the CON group was found (R = 0.52, p = 0.02).  Furthermore, lower levels of iEMG were observed in the TT where time to completion was longer, and mean speed and mean power output were lower.
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Figure 4.4 a-d Mean PO and iEMG profiles for CON group over all TT (a = TT1; b = TT2; c = TT3; d = TT4). iEMG appears to rise and fall with percentage of mean PO across each TT. 

As shown in Figure 4.5, iEMG during the EXP TT did not track PO as it did during the CON TT. Indeed, a significant negative correlation between iEMG and percentage of mean PO in the EXP group was found (R = -0.5, p = 0.03). Regression analysis showed the correlations in iEMG and percentage of mean PO between groups to be significantly different (p < 0.0005).  

[image: image15.jpg]--PO - Relative EMG b. --PO —+ Relative EMG |
320 + + 100 320 + 100
310 + 310 +
+ 90 + 90
300 + 300 +
290 - _— \_/ +80 £ 290 + + 80
i = ? O
= 280 - = 280 +
<= + 70 L: % + 70
2 270 + S 270+
260 + + 60 ;;.‘; 260 + + 60
250 + 250 -
4 50 + 50
240 p 240 38 L
0 T Y . . . T 0 0 = T T + : I 0
1 2 3 4 1 2 3 4
Distance Elapsed (km) Distance Elapsed (km)
c. |- PO —- Relative EMG d. |-+ PO —+ Relative EMG
320 + + 100 320 + 100
+ 310 +
310 | s + 90
300 + 300 +
290 lgo & 2001 | P
—~ o —~
O 270 + 17 ¢ Q2r01
260 + + 60 é 260 + < 80
250 + - 2007 ! 50
240 + 1R 240 | T
T T
o ‘r T T T o o 1 T T Y 0
1 2 5 4 1 2 3 4

Distance Elapsed (km) Distance Elapsed (km)

Relative EMG (%)

Relative EMG (%)




Figure 4.5 a-d Mean PO and iEMG profiles for the EXP group over TT (a = TT1; b = TT2; c = TT3; d = TT4). iEMG and percentage of mean PO do not seem to show the same relationship as they did in the CON group. 

4.4 Discussion

It was hypothesised that distance blinded participants in the EXP group with prior experience of the TT would be able to develop a pacing strategy that was as successful as the CON group. Our principal finding was that the EXP group produced a similar performance to the CON group, as the final EXP TT was only 2 s slower than the average completion time of the four CON group TT. This is remarkable considering the EXP group was distance blinded and received no feedback, whereas the CON group knew distance and had feedback. Foster et al., (1994) has stated that performance time differences between gold and silver medallists for distances of 1 km - 4 km are in the region of 1 %. In the present case, the difference between the average time to completion for the CON group and the time to completion for the EXP group in TT4 was only 0.5 %, indicating that the EXP group, despite their apparent disadvantage, could still produce times that were competitive compared with the CON group. Therefore, we accepted the hypothesis that an athlete can adopt a successful pacing strategy based just on prior experience.  

The EXP group appeared to use TT1 as a ‘safe practice’, completing it at an intensity that was low enough to complete a much longer distance without fatiguing. According to teleoanticipation (Ulmer, 1996), an athlete works backward from the end of an exercise bout and subconsciously creates a pacing strategy based on this knowledge of end-point. The CGM further states that a pacing strategy is based on the comparison between knowledge from previous similar exercise bouts and current exercise demands. With open loop exercise however, exercise time is indefinite, so these comparisons cannot be made. In the case of the EXP TT1, the end point of exercise is not known (open loop), and therefore a competitive pacing strategy cannot be set. Indeed, the EXP mean PO for TT1 was only 60 % of their peak power, and never rose above 79 % of peak power. Once this first TT had been completed, however, the athlete would have had experience of the exercise and therefore some knowledge of the distance. Once familiarised with the task, the EXP group constructed a crude pacing strategy by working backwards from the knowledge of end point. With each TT completed, more experience is gained and therefore a more robust internal, relative, knowledge of distance is acquired. This in turn allows for a more accurate knowledge of end point and finally a more successful setting of pacing strategy. 

Albertus et al., (2005) found that cyclists could produce similar times for 20 km TT, even when during some of these TT they received incorrect distance feedback. This suggests that when an athlete knows the distance they have to complete, accurate distance feedback is not a prerequisite for optimum performance. Our data support this notion. By TT4 the EXP group had an idea of relative distance through their previous TT, and therefore by TT4, the only major difference between the groups was that the CON group had distance feedback. The similarity between the two groups in completion time at this stage indicates that distance feedback is surplus information that is not necessarily required to produce successful performances. 
If exercise end-point is not known, then according to teleoanticipation and the CGM an initial pacing strategy cannot be set, which leaves only afferent feedback to regulate PO and form a pacing strategy. As afferent feedback is used as the regulating system, comparing current demands against anticipated demands (based on past and present comparisons), then the necessary intensity to complete the TT is not known, leaving the CG nothing to compare current afferent feedback to. This would mean that the CG would have to limit workrate (by monitoring afferent feedback), to an intensity that could be maintained almost indefinitely. Indeed, in EXP TT1, the group’s mean B[La] did not rise above 3.76 mmol∙L-1, and RPE did not go higher than 15. This value for B[La] would likely be below participants’ maximal lactate steady state (Jones and Doust, 1998; Kilding and Jones, 2005). Furthermore, RPE did not show the same linear increase across EXP TT1 as it did with all other trials. Therefore, the fact that participants maintained an intensity below these higher levels of exertion potentially provides support for the use of afferents as a power regulating system.  Although B[La] has been suggested to be one of the afferents that is used by the CG to regulate PO (Noakes et al., 2005), additional variables that were not measured in this research such as Pi, K+, H+, core temperature or remaining anaerobic work capacity should be acknowledged as being other possible afferent signallers. 
The observation that the differences between the groups EB[La] reduced with successive TT could be indicative of a more sensitive central safety mechanism in the EXP group, which limited exertion level due to the limited information that was received in the early TT. As more information is received through further TT, pacing strategy is resultantly more robust, and thus the sensitivity of the safety mechanism and reliance on afferent feedback is reduced, hence the increased level of B[La] that is ‘allowed’. This notion is similar to that which governs the end sprint during the last ~10 % of self-paced exercise. As the time to end-point becomes closer, and the athlete becomes more certain about when the bout will end, it is proposed that the limits placed on the body by the CG become less stringent, thus allowing the athlete to raise their intensity in the final stages of the event. This would partly explain how athletes are able to increase their PO when peripheral fatigue is at its highest. Indeed, although time to completion between the EXP and CON groups was not significantly different, the CON group showed a significant end sprint over each TT, whereas the EXP did not. Therefore, it seems as though when more information regarding end-point is known, the less sensitive the workrate limiting CG becomes.

After TT1 the EXP group displayed a linear increase in RPE during each trial and end RPE increased across TT. Furthermore, end RPE showed increases in accordance with PO in the EXP group over TT (Table 4.1). Therefore, in the EXP group, it seems likely that a pacing strategy may have been based around conscious feelings of exertion to manage PO. Indeed, the shortest time to completion was in TT4 where end RPE and EB[La] were highest. In the CON group, the fastest time to completion was achieved in TT1, where end RPE was at its lowest, yet EB[La] was at its highest. It may be the case, therefore, that the CON group initially set an overall pacing strategy for the whole 4 x 4 km, whereas the EXP group set a strategy based on their level of knowledge and experience for each TT. The tracking of RPE against PO suggests that a pacing strategy is related in some fashion to RPE.

The participants in the EXP group were asked to shout out their RPE for every kilometre they thought they had travelled – a task that they could not do accurately, even by TT4. This seems at odds with the importance stressed of knowing the distance of a TT in order to produce a competitive performance. Therefore, it appears as though knowledge of ‘absolute’ distance is not important, and thus the athlete must create a ‘relative’ distance to be completed subconsciously. This relative or virtual distance is enough to generate a basic pacing strategy; however, increased experience of the bout will improve the accuracy of this virtual distance. Accuracy appears to improve up to a point where so much experience is gained that the knowledge of the virtual distance is so strong it enables the athlete to complete the bout in a time that is as competitive as an athlete who knows actual distance and receives feedback.  St. Clair Gibson et al., (2006) have previously postulated the existence of an internal clock that uses scalar rather than absolute time scales. This study lends support to this suggestion and also provides further insight into the relative importance and interplay between known distance and prior experience.

A surprising finding of the study was the marked difference in iEMG activity observed between the groups. Indeed, a significant positive correlation between iEMG and percentage of mean PO was found in the CON group, suggesting that iEMG dynamically tracked PO across TT (Figure 4.4). This is a finding that is in accordance with a number of previous studies supporting theories of central control (Ansley et al., 2004b; Kay et al., 2001; Tucker et al., 2004). However, a significant negative correlation between iEMG and percentage of mean PO was observed in the EXP group, and no tracking between these variables occurred (see Figure 4.5). It may be that in EXP TT1 and TT2, where no relationship between PO and iEMG appears to exist, the CG exerts so little influence over central down regulation that the previously observed relationships between the variables do not occur.  In order to ascertain the reasons for these observations further research is needed, either examining more muscle groups, or analysing iEMG more frequently for longer periods during self-paced exercise.

4.6
Summary
In summary, this study has shown that with no knowledge of distance and no external feedback, cyclists can still complete a 4 km TT in a competitive time (in relation to a similarly placed athlete who knows these variables) when sufficient prior experience has been gained. 
Although cyclists do not appear to be able to accurately judge the elapsed distance they have travelled, this does not seem to matter because a relative or a scalar, rather than an absolute, distance is created within the brain from which a pacing strategy is apparently generated. 

The degree to which pacing is based on this system appears to increase significantly with greater levels of experience. Pacing seemed to be based, a least partially, on RPE, and more predominantly so when the athlete received less external feedback. In the earlier EXP TT, RPE appeared to be based and influenced more predominantly by afferent feedback, rather than anticipatory/feedforward and feedback comparative information. This suggests regulation of workrate may be controlled through different mechanisms depending on whether the exercise is open or closed loop. 
When distance knowledge and feedback are available, iEMG appears to dynamically track PO, suggestive of central regulation of exercise intensity. However, when external feedback is not available and a relative distance is calculated based on prior experience, this relationship appears to be more complex (Figure 4.5 shows the proposed influence of prior experience and known distance/duration following the findings of this study).
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 Figure 4.6 Proposed system of subconscious central control prior to and during a cycling TT of known distance. 
CHAPTER FIVE

STUDY TWO

INFLUENCE OF EXERCISE VARIATION ON THE RETENTION OF A PACING STRATEGY

5.1 Introduction

Several authors have suggested that a pacing strategy is set in a feedforward manner, prior to the onset of an exercise bout (Ulmer, 1996; Ulmer et al., 1996). According to Ulmer’s (1996) theory of teleoanticipation, and more recently Noakes’ Central Governor Model (Noakes et al., 2005), a ‘central governor’ or ‘black box control centre’ anticipates impending exercise and presets a pacing strategy based on end point or duration. During the exercise bout, in order to avoid premature fatigue, afferent signallers relay information on peripheral events to the black box so that pacing strategy can be continually refined. Tucker and Noakes (2009) have furthered this proposition with the Anticipatory-RPE model, to suggest that the brain (rather than a single ‘control centre’) will generate a conscious RPE (based on afferent information from various physiological systems and external/environmental cues) and produce an RPE template (based on anticipatory forecasting), which are then compared against each other. Original proposition of teleoanticipation and the CGM (Noakes et al., 2005; Ulmer, 1996) and the anticipatory-RPE model (Tucker and Noakes, 2009) state that distance knowledge and distance feedback are important for these processes to work effectively, and that prior experience of the exercise improves the accuracy of the preset pacing strategy.  In Chapter Four we showed that distance knowledge and prior experience are two important pieces of information that an athlete requires to generate a successful pacing strategy. When cyclists in this study received this information, distance feedback did not further improve performance (with distances of 4 km), a finding that is in accordance with other research (Albertus et al., 2005). With knowledge of endpoint or prior experience, an athlete can create a pacing ‘schema’ for that particular type of exercise, which is committed to memory and then recalled for subsequent, similar exercise. 
During exercise, estimated time remaining based on the distance left to complete is judged by an ‘internal clock’ that is situated in the brain (St. Clair Gibson et al., 2006). This internal clock works in a scalar fashion, using relative rather than absolute quantities. Judgement of absolute distance by the internal clock is inaccurate, yet this does not appear to affect performance, as relative, virtual distances are created subconsciously; these become more accurate with experience and can be used to create a pacing strategy (Chapter Four). The link between an internal clock and exercise would appear to work to many of the principles outlined in classical models of scalar timing theory (SET) originally developed by Gibbon, Church and Meck (1984). The tripartite structure of SET consists of three operational levels (a pacemaker, a long-term reference memory and short-term memory, and a decision mechanism) that function sequentially (see Figure 5.1). SET is also in line with the notion that prior experience (reference memory) and distance knowledge (short term memory) are the two key pieces of information for successful pacing (decision process) (Gibbon et al., 1984). The scalar clock therefore appears to be important for the comparison of current exercise progress against previous similar exercise stored in reference memory, which ultimately elicits an effect on the decision mechanism, or change in pacing.  
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Figure 5.1 Outline Model of Scalar Expectancy Theory (SET). Redrawn from Wearden (2004).
It is not uncommon for high level and elite cyclists to compete in a number of different disciplines or distances, and thus will frequently train at many different set distances, at levels of varying intensity. If the memory of prior events and distances are stored as a reference in the brain for schema/template construction, it might be expected that alternating pacing strategies (changes in distance and intensity) will affect the storage or recall of this schema. In animal studies it is reported that once a particular time period has been stored in reference memory, it can easily be changed or altered when a new period of reinforcement is provided (Lejeune, Ferrara, Simons and Wearden 1997). In Chapter Four we demonstrated that greater amounts of experience of an unknown set distance, produced improvements in pacing strategy. These studies imply that reference memory is reasonably malleable and can be changed by bouts of similar exercise. However, it is not known whether the introduction of a different exercise distance that requires a different pacing strategy, might negatively affect the stored schema of a pacing strategy from a prior exercise bout.
Although the internal clock does not appear to be able to accurately judge absolute distance, this does not seem to significantly influence performance as pacing is based on a relative distance (Chapter Four). The highest level of the SET system is the pacemaker, which produces ‘ticks’ and ‘pulses’ which are gated via a switch to an accumulator system (Wearden, 2004). This theory would allow for a cyclist to be able to work from a relative distance - when absolute distance is unknown, raw pulses are still accumulated and stored from prior experience bouts in the short term and reference memory sections of the SET system. Therefore, although absolute distance is not known, the number of pulses corresponding to that particular distance is known. Classical SET states that reference memory is an accumulation of a very large number of timing instances (Gibbon et al., 1984), yet it has been suggested that this is unlikely in humans, and that timing memories, rather than accumulated and changed gradually, are overwritten and stored rapidly (Wearden, 2004). If this is the case, then one of the functions of prior experience would be to improve on the accuracy of the internal clock, over-writing previous timings to effectively ‘calibrate’ the internal clock’s relative distance/time, to absolute distance/time. Furthermore, because the number of pulses accumulated during exercise is dependent on completion time, and therefore PO and speed, a matching of change in PO and how it would then affect the number of pulses and thus distance judgement may occur. It is unknown as to whether this ‘calibration’ of the internal clock takes place, or indeed whether it elicits an effect on the stored pacing schema for the particular exercise bout. 
The aim of the current study, therefore, was to establish whether the introduction of an exercise bout of different distance would affect the retention of the pacing schema stored from a prior exercise bout, which would hinder comparisons between the stored and current timing memories proposed to occur by SET. A second aim was to identify whether the raw pulses of the internal clock, hypothesised in SET, could be calibrated to absolute or physical distance, in the absence of distance feedback, and whether this mechanism is disrupted by an exercise interruption of differing distance. It was hypothesised that participants in the EXP group who completed different distances in an alternating order would display less improvement in time to completion in the second TT bouts of both distances, and would show a blunted calibration of their internal clock compared to the CON who completed different distances in a sequential order.
5.2 Methods
5.2.1 Participants

Participants: Sixteen highly-trained, competitive male cyclists, aged 26 ± 11 years, were recruited to participate in this study. These participants were selected because they participated in regular, structured training (12 ± 3 h∙wk-1) and competed frequently (~ 1 competition∙wk-1) in a range of road cycling TT competitions (10, 25, 30, 50 mile events). The study was conducted with approval of the Institutional Ethics Committee and participants read and signed a form of written informed consent. Prior to testing, participants were randomly assigned to two groups: CON and EXP. 
5.3.2
Familiarisation
Prior to testing all participants underwent the familiarisation procedure described in section 3.2.

5.3.3
VO2peak test
On the second visit to the laboratory all participants completed a MIE following the protocol described in section 3.3.

5.3.4
Time trials
Within seven days of the MIE, each participant returned to the laboratory at the same time of day (± 2 h) to perform four time trials (TT) of two different distances (2x4 km and 2x6 km). The 6 km and 4 km distances were selected (rather than less similar distances) so as to require both a different optimal work rate, but be similar enough to elicit some level of ‘confusion’ in work rate and pacing between the two. Successive TT were separated by approximately 17 minutes, which included a 10 minute recovery period where the cyclist could do some form of spinning or a brief period off the bike to stretch, a 5 minute cycling warm-up at a self selected intensity, and a 2 minute countdown during which participants cycled at a speed of 25-35 km·h-1. The participants in the CON group completed both distances in a sequential order (i.e. half of the CON group performed the following order; 4 km, 4 km, 6 km, 6 km, and the other half performed the following order; 6 km, 6 km, 4 km, 4 km). The EXP group completed both distances in a variable order (i.e. half the EXP group performed the following order; 4 km, 6 km, 4 km, 6 km, and the other half performed the following order; 6 km, 4 km, 6 km, 4 km). All participants in both groups knew the distances they had to complete and the order they would complete them in before their first TT. No distance feedback, time cues or information on performance (completion time, PO, speed, cadence) were given to either group until after the experiment was completed. Both groups were told to perform each TT in the fastest time possible but in the knowledge that four TT were to be performed. A fan was positioned in front of the subjects throughout testing and participants were allowed to drink water ad libitum during the 10 minute rest period between each TT. The Computrainer ergometry system continuously recorded PO, speed, and time. The VO2 and HR were recorded continuously as previously described. The end VO2 and end HR were recorded and reported as a percentage of the participants VO2max and HRmax achieved during their MIE. At the start of each 2 minute countdown, immediately after each TT, and 5 minutes after the end of each TT, a finger tip blood sample was taken using an automated lancet (Hemocue, Angelholm, Sweden) and then immediately analysed for B[La] with an YSI 2300 Stat Plus Analyser (Yellow Springs Instruments, Ohio, USA). In both groups, for all TT, participants were asked to call out their RPE for every kilometre thought to have elapsed. Figure 5.2 shows a schematic of the study protocol.

[image: image18.jpg]Omne TT - Distance of 4 km or

6 km depending on group and
order
EPE RPE EPE EPE
B{La] | | | B[La] B[La]

oelf-paced TT of etther 4 ki or 6 km

2 min coutdown

2 min coutdown 10 tmin rest 5 min warm-up




Figure 5.2 Schematic of the interval TT exercise bout performed by all participants. 

EXP group completed time trials in the following distance order – 4 km, 6 km, 4 km, 6 km, OR, 6 km, 4 km, 6 km, 4 km.

CON group completed time trials in the following distance order – 4 km, 4 km, 6 km, 6 km, OR, 6 km, 6 km, 4 km, 4 km.
5.3.5
Statistical analysis
Descriptive data are presented as mean ± SD. It was estimated that a sample size of approximately 14 was required to achieve a statistical power of 80 % at an alpha level of 0.05 (Rosner, 2006) based on a similar previous study (Hettinga et al., 2006).  Differences within groups for changes between the first 4 km TT to second 4 km TT, and first 6 km TT to second 6 km TT in completion time, mean PO, B[La], %VOmax, %HRmax, and mean distance error (MDE) were examined with a prior planned comparisons using paired sample t-tests. Differences between groups in completion time for the second 4 km TT and the second 6 km TT were examined using independent sample t-tests. PO was recorded every ten seconds in each TT, and averaged every for half kilometre completed, to create the PO profiles. Statistical tests were conducted using SPSS version 15.0 (Chicago, IL, USA) and significance was accepted when p < 0.05. MDE was calculated from the average error over the TT from the magnitude of error between the distances at which the participant shouted their RPE and the distances they were supposed to shout it (i.e. each kilometre elapsed). For example, in the 4 km distance, if the participant shouted RPE at 1100 m (10 % error), 1900 m (5 % error), 3000 m (0 % error) and 3500 m (14 % error), MDE for that TT would equal 7.25 %. 
5.3 Results

5.4.1
Participants baseline differences
Using independent t-tests, no significant differences between groups in participants’ mean scores for VO2peak (69 ± 5 mL∙kg-1∙min-1) and POpeak (411 ± 38 W) that were recorded during the MIE test, and participants’ age (26 ± 11 yrs) and training hours (12 ± 3 h∙wk-1) were observed (p > 0.05).
5.4.2 Time to complete TT

Paired sample t-tests showed that there was no significant difference in completion time between the first and second TT of both the 4 km (376 ± 14 s vs. 376 ± 10 s) (95 % CI of difference = -4.7 – 4.4) and 6 km (575 ± 25 s vs. 576 ± 14 s) (95 % CI of difference = -13.2 – 11.9) distances for the CON group (t7 = -.065, t7 = -.118, p > 0.05) (see Figure 5.3). No significant difference was found in completion time between the first and second TT of both the 4 km (369 ± 14 s vs. 371 ± 19 s) (95 % CI of difference = -13.3 – 8.6) and 6 km (579 ± 37 vs. 575 ± 26 s) (95 % CI of difference = -13.4 – 21.2) distances for the EXP group (t7 = -.513, t7 = .530, p > 0.05) (see Figure 5.3). 
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Figure 5.3 Time trial completion times for both groups over all distances

5.4.3 Mean PO

Paired sample t-tests revealed no significant difference within the CON group in mean PO, between the first and second TT of both the 4 km (289 ± 28 W vs. 289 ± 20 W) (95 % CI of difference = -9.3 – 8.5) and 6 km (275 ± 33 W vs. 273 ± 17 W) (95 % CI of difference = -14.3 – 18.5) distances (t7 = -.100, t7 = .306, p > 0.05). In the EXP group, no significant differences were found in mean PO between the first and second bouts of both the 4 km (305 ± 32 W vs. 301 ± 38 W) (95 % CI of difference = -17.7 – 24.7) and 6 km (274 ± 45 W vs. 277 ± 32 W) (95 % CI of difference = -23.4 – 17.4) distances (t7 = .391, t7 = -.348, p > 0.05). Figure 5.4 shows the PO profiles for both groups for the 4 km and 6 km distances. Paired samples t-tests showed that there was a significant difference in mean PO between the second 4 km TT (295 ± 30 W) and the second 6 km TT (275 ± 25 W) for all participants (t15 = -3.359, p > 0.00) (95 % CI of difference = -33.6 – -7.5), indicating that the two different distances were completed at a different intensity. 

For the EXP 4 km TT, a two way analysis of variance with repeated measures revealed a significant main effect for PO × TT (p < 0.00) and a significant linear contrast in PO between TT (F1,7 = 8.95, p = 0.02). Follow up analysis using paired samples t-tests showed a significant difference in PO between the first EXP 4 km TT and second EXP 4 km TT at 1 km (t7 = 2.72, p < 0.05) (95 % CI of difference = 4.6 – 66.2) and 3.5 km (t7 = -2.5, p < 0.05) (95 % CI of difference = -66.5 – -1.5) (see Figure 5.4a). For the CON 4 km TT, a significant main effect for PO × TT (p = 0.03) and a significant linear contrast in PO between TT (F1,7 = 10.79, p = 0.01) was found. Follow up analysis using paired samples t-tests showed a significant difference in PO between the first CON 4 km TT and second CON 4 km TT at 0.5 km (t7 = 3.27, p < 0.05) (95 % CI of difference = 8.1 – 49.6) and 3.5 km (t7 = -2.36, p < 0.05) (95 % CI of difference = -37.5 – 0.1) (see Figure 5.4b). No main effect or contrasts for PO × TT was evident in either group in the 6 km TT (p > 0.05).
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Figure 5.4 Power output profiles for both groups over the 4 km and the 6 km time trials

5.4.4 B[La], %VO2peak and HRmax
Using paired sample t-tests, no significant differences between the first and second bouts of both distances were found for end blood lactate (B[La]), end percentage of VO2peak (%VO2peak) or end percentage of maximum heart rate (%HRmax) for the CON group (see Table 1.) (t7 = -1.44, t7 = -1.724, t7 = -1.00, t7 = -.717, t7 = -.642, t7 = -1.784, p > 0.05). In the EXP group, a significant difference was found in %VO2peak, between the first and second 6 km distances (t7 = -2.527, p < 0.05) (95 % CI of difference = -13.1 – -0.43) and in %HRmax between the first and second 6 km distances (t7 = -2.714, p < 0.05) (95 % CI of difference = -5.1 – -0.4). No significant differences were found in B[La] for either 4 km (t7 = .093, p > 0.05) or 6 km (t7 = -.586, p > 0.05) distances and no significant differences were found in %VO2peak (t7 = -.530, p > 0.05) or %HRmax (t7 = -.453, p > 0.05) between the first and second bouts of the 4 km distance (see Table 5.1).

Table 5.1 Physiological values for both EXP and CON groups over all distances and bouts Values are expressed as mean ± SD.

	TT
	Group
	End B[La]

(mmol∙L-1)
	%VO2peak

	%HRmax
(beats∙min-1)
	End RPE

	1st6 km
	CON
	5.88 ± 1.65
	86 ± 7
	95 ± 2
	18 ± 1

	
	EXP
	6.26 ± 1.62
	85 ± 11*
	93 ± 5*
	18 ± 1

	2nd6 km
	CON
	6.86 ± 2.06
	88 ± 9
	96 ± 2
	18 ± 2

	
	EXP
	6.72 ± 2.5
	92 ± 8*
	96 ± 3*
	18 ± 1

	1st4 km
	CON
	6.85 ± 1.12
	89 ± 8
	95 ±3
	18 ± 1

	
	EXP
	6.98 ± 2.69
	91 ± 9
	95 ± 4
	17 ± 1

	2nd4 km
	CON
	8.22 ±3.34
	89 ± 7
	96 ± 4
	18 ± 1

	
	EXP
	6.86 ± 2
	93 ± 9
	95 ± 4
	18 ± 2


* % VO2peak is significantly different between the 1st and 2nd 6 km TT in the EXP group (p < 0.05)

* %HRmax is significantly different between the 1st and 2nd 6 km TT in the EXP group (p < 0.05).
5.4.5 Mean Distance Error (MDE)

Paired sample t-tests revealed a significant improvement in the CON group’s ability to estimate the distance cycled (see Figure 5.5a). MDE was significantly reduced in the second bout of both the 4 km (24.6 ± 18.2 % vs. 8.2 ± 5.5 %) (95 % CI of difference = 2.5 – 30.4) and the 6 km (15.2 ± 7 % vs. 8.6 ± 3 %) (95 % CI of difference = 1.6 – 11.7) distances in the CON group (t7 = 2.791, t7 = 3.118, p < 0.05). No significant differences in MDE were found for the EXP group in either the 4 km (t7 = 1.759, p > 0.05) (95 % CI of difference = -2.3 – 15.6) or the 6 km (t7 = 1.759, p > 0.05) (95 % CI of difference = -1.8 – 12.4)   distances (see Figure 5.5b). A one way ANOVA with repeated measures for each TT and group revealed that the magnitude of error for each RPE shout made by the participants did not differ significantly over a TT (p > 0.05) (see Figure 5.6).
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Figure 5.5 Mean distance errors (MDE) associated with all TT and distances in the CON group (a.) and EXP (b.). MDE represents the average error in distance estimation for each kilometre over the TT. The control group showed a significantly improved ability to accurately estimate distance completed in both the 4 km (*) and 6 km (#) distances (p < 0.05).
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Figure 5.6 Percentage error associated with each RPE shout over the 4 km TT (a.) and 6 km TT (b.) for both EXP and CON group. Although participants were inaccurate in their distance judgement of each kilometre completed, this magnitude of error associated with each shout remained relatively consistent.

5.5 Discussion
It was hypothesised that participants in the EXP group who were subjected to alternating TT distances would display less improvement in completion time and an inferior calibration of the internal clock over same distance TT. The primary finding of this study was that no differences were found between or within the groups for completion time of either distance, despite an improved accuracy of the internal clock that was displayed in the CON group, for both distances. This is a surprising finding, considering the degree to which previous literature (Chapter Four, St. Clair Gibson et al., 2006) has stressed the level of importance of the scalar clock to the adoption and continual adjustment of a pacing strategy. It would seem logical to assume that the more accurate the internal clock and the closer it corresponds to absolute distance or time, the more precise the pacing strategy and the better the performance. The current findings suggest that this is not the case, and that the internal clock, and the resultant pacing strategy, work just as well whether it is accurate or inaccurate to absolute distance or time (at least in distances of 4-6 km). 
The exercise variation experienced by the EXP group appeared to have no significant effect on completion time. Indeed, in the EXP group, the time to completion for both first and second bouts of each distance were very similar, which suggests that when supplied with distance knowledge, the participants were able to adopt an appropriate pacing strategy that was not further improved by experience. Because highly-trained cyclists took part in this study, it may be that prior experience of similar distances in training or competition allowed an appropriate pacing strategy to be set in a feedforward manner, without experience of the distance in a laboratory setting. It would be interesting to investigate whether such an effect occurs with untrained individuals.  The pacing schema that was set for each of the distances was also robust enough to remain accurate despite the participants performing different distances interchangeably. Therefore, once a pacing strategy has been set and performed for a particular distance, it is retained in the long-term memory and used as a schema or template for bouts of the same, or similar, distances that occur, at least, in the near-future. It would be worthwhile to investigate whether instances other than exercise interruption, that occur in the long term, such as change in fitness, would render these stored pacing templates obsolete, and whether new schemas would have to be developed accordingly. 
However, both the EXP and the CON group selected a different pacing strategy in their second 4 km TT bouts compared with their first 4 km TT bouts. In the first 4 km TT the EXP group utilised a negative pacing strategy, where they started the bout at approximately 330 W, with PO gradually decreasing over the TT and finishing at approximately 280 W. However, in the second 4 km TT, the EXP group displayed a positive pacing strategy, where participants started the TT at approximately 290 W and finished at approximately 315 W. The CON utilised a relatively even pacing strategy during their first 4 km TT, yet followed a positive pacing strategy in their second 4 km TT. Therefore, both groups selected a positive pacing strategy in their second 4 km TT. When endpoint of exercise can be predicted with greater precision, an athlete will display a more intense end sprint and aggressive RPE pacing strategy (Swart et al., 2009). Although a large end sprint was not in evidence in this case, the adoption of a positive pacing strategy by both groups in the second 4 km TT may be indicative of their greater awareness of endpoint that the previous experience of the same distance had provided, and therefore a less conservative pacing strategy as the endpoint drew nearer. A further interesting observation is the initial low PO selected by the EXP group in their second 4 km. This TT was performed following a 6 km TT, where participants generally finished the TT at a low PO. The PO at the end of the EXP 6 km and EXP second 4 km were nearly identical (~279 W vs. 288 W), an effect that was not apparent in the CON group. It may be, therefore, that some error in recall of the previous 4 km had occurred (in the presence of the interrupting 6 km bout), which meant that the initial section of the second 4 km TT was based on the previous 6 km distance. Further research investigating the effect of interchangeable distance exercise on pacing strategy is warranted to establish the causes of these effects. 

The ability of the CON group to correctly estimate the distance they had covered during each of the TT significantly improved with experience. Indeed, the mean error of the CON group’s distance estimation for their first 6 km and 4 km TT were 15 % and 25 %, but this error was reduced to 9 % and 8 % by the second TT respectively. The EXP group showed some improvement in their distance estimation, however this was not significant, and did not occur to the same degree. It would appear, therefore, that the varying order of distances completed by the EXP group caused the calibration of their internal clock to be less effective than that of the CON group who completed distances sequentially. By varying the order of the distances completed, the EXP group were prevented from having an immediate, reinforcing bout of the same distance that would normally serve to consolidate the distance as a reference. In the same way that without distance knowledge, experience improves pacing, it appears that experience improves accuracy (or remembrance) of scalar timing, and that interference with the order of this experience negatively affects this process. The reasons for the negative impact that distance variation has on this process could be linked with SET theory (Gibbon et al., 1984), and inability of the brain to transfer information from working, short-term memory (STM), to long-term, reference memory (LTM) in the presence of differing bouts of exercise (see Figure 5.1). In the EXP group, the transition between the STM and LTM that would be necessary for the comparison of the current exercise bout to a previous timing schema, and ultimately the resulting calibration of the scalar clock, is prevented or disrupted by the exercise variation which appears to hinder the learning process. It is important to note that it is unlikely that calibration of the internal clock experienced by the CON group is due to changes in their raw timing mechanism (i.e pacemaker ‘ticks’ or ‘pulses’), but rather is a learnt behaviour that links absolute, physical distances or times, to reference numbers of pulses (Wearden, 2004).
The calibration of the internal clock to actual distance, seen in the CON group, is very much like the athlete receiving distance feedback during the exercise bout. Without accurate calibration (as with the EXP group), participants still have distance knowledge and therefore a relative or virtual (Chapter Four) distance to work towards. Using this, the cyclists still know, with some accuracy, that, for example, they are halfway through the bout, or that they have about two minutes left to go. With accurate calibration (as with the CON group), the only difference is that, for the 4 km bout, ‘halfway through’ would be 2 km gone and that ‘two minutes left to go’ is about 1.5 km left, which ultimately provides no more useful information about the exercise bout than distance feedback would. In light of this, it is perhaps not surprising that despite an improved internal clock calibration, participants in the CON group showed no significant improvement in completion time. It should be noted however, that distance feedback towards the end of a TT may provide the extra information an athlete needs to produce an end sprint. In order for this to occur, an athlete requires a reliable ‘anchor-point’ or knowledge of end point so that any changes in exercise intensity will not bring about premature fatigue. The performance improvement attributed to any such end sprint however, will be dependent on the precision of the athletes pacing during the earlier sections of the TT. Therefore, a role for distance feedback being provided at key time points during a TT should not be ruled out. 
In this study, using distances of 4 km and 6 km, it appears that the timings of exercise duration, rather than distances, are of primary importance to the formation and maintenance of a pacing strategy. These findings thus provide further support for the notion that when a highly trained athlete has distance knowledge and prior experience, a successful pacing strategy can be formed in the absence of distance feedback (at least in shorter duration TT).
Participants in the EXP group had significantly higher heart rates and a higher VO2 during their second 6 km TT when compared with their first 6 km TT. This finding is curious, given the fact that neither time to completion, mean PO or RPE differed significantly over these two bouts. It may be that alterations and refinements in pacing, such as changes of PO, that were made over the two bouts elicited a significant effect on physiological responses, yet were too small to bring about a significant difference in completion time. Indeed, scrutiny of the PO profiles for the EXP groups 6 km distances (Figure 5.4c), reveals that a more even pacing strategy was used in the first 6 km TT than in their second 6 km TT. The available literature suggests that in TT of this distance, an even pacing strategy is probably optimal (Abbiss and Laursen, 2008), and therefore deviance from this could make the bout harder and thus impact on the cyclists VO2 and HR.
5.6 Summary
In conclusion, this study has shown that a variation in pacing, brought about by recent variations in exercise distances, does not affect the retention of a previous pacing strategy. Previous exercise bouts of similar distance are stored securely as schemas in reference memory, that can be retrieved when required and remain unaltered by variation in exercise distances.  It appears as though the internal scalar clock can be ‘calibrated’ to an absolute or quantifiable distance, although this calibration seems to have little or no effect on the setting of a pacing strategy (at least in highly-trained athletes competing in short to medium distance TT [4-6 km]), possibly due to its similarity of information to distance knowledge. This research therefore provides support for previous literature that has found no effect for distance knowledge on TT performance. This study provides evidence that the presence of an internal, scalar clock, suggested in the CGM, may work in a similar manner to human timings models proposed in SET and that it plays a major role in comparisons of past and present bouts of similar exercise that are vital for the selection of an optimal pacing strategy. Figure 5.7 shows where the internal clock may influence setting and maintenance of a pacing strategy following the results of this study.
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Figure 5.7 Proposed role of the internal clock and effect of exercise variation on subconscious central control prior to and during a cycling TT of known distance.
Figure 2.6 Simple feedback control in motor system (Redrawn from Ulmer, 1996, p. 416).











