CHAPTER SIX

STUDY THREE

THE EFFECT OF NON-CONTINGENT AND ACCURATE PERFORMANCE FEEDBACK ON PACING AND TIME TRIAL PERFORMANCE IN 4-KM TRACK CYCLING

6.1 Introduction

The velodrome provides a unique environment for cycling competition in that air temperature, wind resistance, surface type and gradient all remain stable. This means that performance is predominantly dependent on the cyclist, with limited influence from external factors or variables. This highly controlled environment provides an ideal setting for field research, as factors that can affect performance (e.g. the weather) do not interfere. Despite this advantage, there is still a limited amount of field research in track cycling.
Pacing during a cycling event plays a vital role in performance outcome. A pacing strategy has been defined as the manipulation of power output over an exercise bout, so as to balance energy expenditure and speed in a way that will allow completion of the activity to the best of the individual’s capacity (Chapter Four). Ulmer (1996) theorised, in a process called teleoanticipation, that prior to the onset of exercise, the intensity and pace with which to perform an exercise bout is predetermined in a feedforward manner. During exercise, pace and intensity is constantly adjusted via a ‘black box’ control centre located in the brain that monitors afferent feedback from the periphery (Noakes et al., 2005). These processes appear to rely on the individual having knowledge of distance, duration and/or prior experience of a similar bout of exercise (Chapter Four), and are significantly improved with training and experience (Ulmer et al., 1996). However, in 4 km track cycling where environmental conditions are relatively stable, an experienced cyclist will already know they have to complete sixteen laps of the track and how long this will take them (to within a few seconds). Therefore, in this context, there must be other variables that affect the efficacy of an individual’s teleoanticipatory systems and central control. 
Recent development of the theory of teleoanticipation and the central governor model (CGM) suggests that a current pacing strategy is largely based on ‘pacing schemas’ that are created from previous similar bouts of exercise and stored in the long term, or reference, memory for comparison with subsequent exercise (Chapter Four, Tucker and Noakes, 2009). An internal ‘scalar’ clock compares progress in the current exercise against the previous stored memory and pacing is adjusted accordingly. According to classical Scalar Timing Theory (SET), the internal clock’s timing is almost perfect on every exercise occasion, it is the individual who misremembers - timing performance is variable not because an individual cannot accurately time it (at least relatively), but because they cannot accurately remember the standard duration (Wearden, 2004). This may help explain some of the variation in performance between exercise bouts under the same conditions, and if this is the case, one of the ways in which to improve performance may be to aid the memory of previous exercise trials.
One appropriate intervention that could be used in track cycling is the provision of performance feedback that is given during exercise, in relation to a prior bout. In this scenario, a cyclist will not only have the stored schema of the prior bout, but also comparative performance feedback during their current exercise bout. This scenario would allow both the standard internal comparison of ‘feelings’ that the teleoanticipatory system provides and an actual correct performance-based comparison. This form of feedback may help to motivate the cyclist to beat their previous time. Indeed, research has consistently shown that verbal encouragement can aid and motivate an individual to improve performance in exercise tests (Andreacci, LeMura, Cohen, Urbansky, Chelland and Von Duvillard, 2002; Chitwood, Moffatt, Burke, Luchino and Jordan, 1997; Karaba-Jajovljevic, Popadic-Gacesa, Grujic, Barak and Drapsin, 2007; Moffatt, Chitwood and Biggerstaff, 1994) so that now this practice has become routine to ensure maximum effort is attained. 

Current literature is limited concerning comparative performance feedback during an exercise bout and to the authors’ knowledge no literature exists that investigates the effect of comparative performance feedback during exercise to a previous similar bout. Non-exercise based psychology research generally agrees that knowledge of results (Szalma, Hancock, Dember and Warm, 2006) and positive feedback (McCaughan and McKinlay, 1981) improve cognitive performance or competitive motor tasks, whereas negative feedback (McCaughan and McKinlay, 1981) and noncontingent feedback (Thompson, 2004) hinder performance. Noncontingent feedback involves any form of feedback that is skewed from actual performance, the most blatant being when individuals are told they have performed well when they have not, or they have performed poorly when they have performed well. 
The aim of the current study, therefore, was to investigate the effect of correct and non-contingent performance feedback during a 4 km track cycle time trial (TT) in relation to a prior TT of the same distance. Post-exercise performance feedback and non-exercise based positive performance feedback appear to be beneficial to an individual. Furthermore, it is proposed that correct feedback may facilitate an athletes’ schema comparison, whereas false feedback would confuse this process. Therefore, it was hypothesised that cyclists would produce faster TT times under the correct feedback condition, whereas noncontingent (false) feedback would negatively affect performance time.
6.2 Methods

6.2.1 Participants

Five highly-trained, competitive male cyclists, aged 19 ± 1 yr, were recruited to participate in this study. These participants were selected because they participated in regular, structured training (15 ± 4 h∙wk-1) and had previous experience of riding in a velodrome. The study was conducted with approval of the Institutional Ethics Committee and participants read and signed a form of written informed consent. Participants were told that the purpose of the study was to investigate the reliability of performance times in track cycling. However, on completion of the study, all participants were fully debriefed about the deception and the completed protocol.
6.2.2 The velodrome and track bike

All testing was completed at Newport Velodrome, Wales UK, on a 250 m Siberian Pine track. All TT were completed on the same day at a temperature of 19 °C, an air pressure of 1015 mB and a relative humidity of 53 %. During all TT a qualified track coach was present to record split times for every completed lap and provide performance feedback to the participants during the second and third TT (TT2 and TT3). All participants used the same standard track bike for all TT, seat height was adjusted to suit each participant. Participants were given an hour prior to testing to familiarise themselves with the track and to practice a 4 km TT.

6.2.3 Time trials

Participants completed three bouts of 4 km TT from a standing start. Each TT was timed by a qualified track coach who recorded split lap times and completion time. Initially, all participants completed a 4 km TT during which they received no feedback. This performance formed the participants’ baseline-time (BL). After completing the BL TT, participants completed a further two 4 km TT (TT2 and TT3). Participants were informed that in these TT they would receive split lap time feedback on how their performance compared to their BL. This was achieved by the track coach moving away from the rider if they were behind their BL, and towards the rider if they were ahead of their BL. The distance the track coach moved was proportional to the difference between the times (i.e. the larger the time discrepancy, the greater the distance moved by track coach). In one of these TT (COR) the track coach gave the participant correct feedback (i.e. he moved away if their current time was slower and towards if it was faster), and during the other TT (FAL) he gave noncontingent feedback (i.e. he moved away if their current time was faster and towards if it was slower). The noncontingent feedback trial served to confuse the participants’ past and present schema comparisons through consistently giving incorrect feedback, regardless of performance. The order of these two TT was counter-balanced to prevent any order effect. Participants were given a rest period in between TT (>40 minutes) during which they sat quietly, stretched and span lightly on a cycle ergometer. On completion of all three TT and the debriefing all participants confided that they did not suspect and were not aware of any deception or inaccuracy in the feedback during the TT.
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Figure 6.1 Schematic of COR and FAL 4 km TT exercise bout performed by all participants. Participants received non-contingent or correct feedback after every lap during the TT. No feedback was given during the BL TT.

6.2.4 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). Mean speed and lap speed was calculated using standard speed, distance, time equations. Differences in completion time and mean speed between BL, COR and FAL conditions were initially analysed using a one way analysis of variance with repeated measures. Where a significant difference was observed, planned comparisons using paired sample t-tests were used to examine differences between the COR and FAL TT. Differences in split times and mean lap speeds between the COR and FAL TT were examined using two way analysis of variance with repeated measures. Where a significant difference was observed, follow up tests using paired samples t-tests were utilised to isolate where differences lay. Statistical tests were conducted using SPSS version 15.0 (Chicago, IL, USA) and significance was accepted when p < 0.05.
6.3 Results

6.3.1 Time to complete time trials

A one way ANOVA with repeated measures identified a significant difference in completion time between the BL (95 %CI = 330.4 – 363.1 s), COR (95 %CI = 331.5 – 350.9 s) and FAL (95 %CI = 336 – 365.6 s) conditions (F2,8 = 6.03, p < 0.05). Paired sample t-tests revealed a significant difference in TT completion time between the COR and the FAL conditions (t4 = -3.101, p < 0.05) (95 %CI: -18.19 – -1.00) with participants completing the 4 km TT in a faster time under the correct performance feedback condition than under the noncontingent feedback condition  (341 ± 8 s vs. 350 ± 12 s) (see Figure 6.2). The coefficient of variation within subjects for BL condition was 3.6 %, for the COR condition was 2.3 % and for the FAL condition was 3.3 %. 
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Figure 6.2 Individual changes in completion time across BL, COR and FAL conditions (a.) and group mean speeds (SD) (b.). * Indicates a significant difference between trials (p < 0.05).
6.3.2 Mean speed

A one way ANOVA with repeated measures identified a significant difference in mean speed between the BL (95 %CI = 11.02 – 12 m∙s-1), COR (95 %CI = 11.34 – 11.98 m∙s-1) and FAL (95 %CI = 10.92 – 11.89 m∙s-1) conditions (F2,8 = 6.25, p < 0.05). A significant difference in the mean speed the TT was completed at was found between the COR and FAL conditions (t4 = 2.897, p < 0.05) (95 %CI: 0.01 – 0.49), indicating the participants rode at a faster mean speed in the COR feedback condition than in the FAL feedback condition (11.66 ± 0.26 m∙s-1 vs. 11.4 ± 0.39 m∙s-1) (see Figure 6.3). The coefficient of variation within subjects for BL condition was 3.5 %, for the COR condition was 2.2 % and for the FAL condition was 3.4 %.  A two way analysis of variance with repeated measures revealed a significant main effect for Feedback Trial (p < 0.05) and a significant interaction for Feedback Trial × Lap Speed (F15, 60 = 1.959, p < 0.05). Follow up analysis using paired samples t-tests showed a significant difference in lap speed between the COR and FAL feedback conditions in lap two (t4 = 4.71, p < 0.05) lap fifteen (t4= 3.45, p < 0.05) and lap sixteen (t4 = 3.30, p < 0.05) (see Figure 6.3).
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Figure 6.3 Lap speed plots during the BL, COR and FAL feedback conditions. * Indicates a significant difference in lap speed between the COR and FAL conditions between laps two, fifteen and sixteen (p < 0.05).     

6.3.3 Response to feedback

Irrespective of whether the feedback was correct, participants generally appeared to increase their speed after being informed they were ahead of their BL time, whereas participants appeared to generally decrease their speed after being informed that they were behind their BL time (Figure 6.4). However, this difference was not statistically significant (p > 0.05).
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Figure 6.4 Lap speed plots and type of feedback given by the coach per lap (regardless of accuracy) during the COR (a.) and FAL (b.) conditions. 

     = Participant told they are up on their BL time

     = Participant told they are down on their BL time

     = Participant told they are level with their BL time

In the COR condition, participants received nearly double the number of ‘up’ feedback responses from the track coach than in the FAL condition.
6.4 Discussion

The aim of this study was to ascertain the effects of correct and noncontingent performance feedback on 4 km TT track cycling in highly trained, male cyclists. The hypothesis that cyclists performing under the noncontingent performance condition (FAL) would produce slower TT times than under correct performance feedback condition (COR) was accepted, as COR TT times were on average 9 s (~2.5 %) faster than FAL TT times. This is a significant finding considering performance time differences between gold and bronze medallists for the men’s individual pursuit in the 2008 Olympics were only ~1.5 %. The effect of the provision of performance based feedback during intense, self-paced exercise is largely unexplored and therefore the findings of this study provide new insights into the influence of feedback provision on exercise performance.

Despite a lack of research-based evidence for a positive effect of performance based feedback during exercise, there is a general assumption that provision of feedback does enhance performance. This study therefore provides support for this supposition, and whilst the results are not unexpected, they are novel. Previous research concerning performance feedback and high intensity exercise has largely focussed on knowledge of results or manipulated performance feedback given post exercise, or performance feedback given during an incremental test (Bartholomew, 2000; Metsios, Flouris, Koutedakis and Theodorakis, 2006). In these studies, the provision of correct performance feedback led to improved performance (Metsios et al., 2006) and reduced stress reactivity (Bartholomew, 2000). In the current study, actual real time performance feedback in relation to a prior TT was given during a subsequent TT. The current study combines the protocol of these previous studies and supports their conclusions. It further provides ecologically valid evidence for the benefits of performance feedback specifically in a competitive exercise context.
One of the proposed mechanisms for the observed performance improvement with correct feedback seen in this study is the theorised benefits to motivation that performance feedback provides (Karaba-Jakovljevic et al., 2007; Theodorakis, Laparidis and Kioumourtzoglou, 1998). Recently, a new model, which incorporates the effect of motivation on performance, has been proposed to supersede the CGM and further integrate the use of the teleoanticipatory system into one central control mechanism. Termed the ‘anticipatory-RPE feedback model’ (Tucker and Noakes, 2009) it extends the CGM theory to highlight the importance of knowledge of exercise duration, (Chapter Four, Ansley et al., 2004a) previous experience (Chapter Four, Ulmer, 1996) and RPE as a work rate governor (Tucker et al., 2006) which have recently been shown to be important variables in exercise performance. Further to this, motivation or external competition is hypothesised to be a contributing factor to the formation of a pacing strategy. Although this variable is incorporated into the model, the evidence to support it comes from studies using amphetamines, which are known to increase arousal and motivation. However, the results of this study support the notion that motivation from performance feedback can optimise the setting and regulation of exercise intensity. Indeed, in the COR condition, participants received nearly double the amount of positive feedback responses (i.e. they were ahead of their BL time) than in the FAL condition (irrespective of accuracy of the feedback in this condition) (see Figure 6.4), which may explain the differences in completion time. Furthermore, the observation that the participants tended to reduce their speed following information that they were underperforming (regardless of whether this information was correct or incorrect), shows that negative feedback may serve to demotivate an athlete, consequently impairing performance. This highlights the importance of trying to maintain positive motivation throughout competition. Further work on how positive motivation, or demotivation, may affect the limits placed on the body by the putative central governor is warranted. 

A second proposed mechanism for the difference in performance between the two feedback groups comes from the previously postulated theory that ‘schemas’ (Chapter Four) or ‘templates’ (Tucker and Noakes, 2009) are generated from previous exercise bouts and are used to compare previous exercise to current expectations and performance. In a non-feedback scenario, before exercise begins these schemas rely on exercise experience and the knowledge of distance/duration to form a pacing strategy in a feedforward manner. During exercise, afferent feedback relays information from the periphery to a central controller, which is interpreted as ‘feelings’ and then compared between past and present schemas (Chapter Four, Tucker and Noakes, 2009). The extra information that the comparative performance knowledge provides (BL vs. COR) is theorised to strengthen the accuracy of the athletes schemas. By providing knowledge of past performance in relation to current performance, the athlete is made aware of how well they should be able to perform the exercise bout (providing environmental conditions and the athlete’s physiological state is the same). If current performance is worse than a previous performance, the athlete will then know that some error, in schema comparison and therefore pacing, has occurred and thus correct the pacing strategy accordingly. The concept that a subconscious comparison between past and present performances, or a resting and exercise state, during activity, has been explored by several authors. Pacing ‘schemas’, (Chapter Four) ‘templates’ (Tucker and Noakes, 2009), ‘set-points’ (St. Clair Gibson et al., 2005) and the ‘protoself’ (St. Clair Gibson et al., 2003) all suggest that exercise is regulated by what the athlete believes they ‘should’ be feeling at a particular point (past experience) and what they are currently feeling (current demands). A mismatch of the two will then bring about a revision of the pacing strategy. The current findings suggest that when a positive mismatch has occurred (i.e. the athlete is performing better than they would be expecting for their level of exertion), the normal response is to increase work rate. Whereas when a negative mismatch in comparison is evident (i.e. the athlete is performing worse than they would be expecting for their level of exertion), the normal response is to reduce work rate (possibly as a protective response to acknowledge that some error in remembrance or comparison has occurred). Interestingly, significant differences in mean lap speed between the COR and FAL conditions were only present at the start and at the end of the TT (see Figure 6.3). In Ulmer’s (1996) original proposition of the theory of teleoanticipation, it is proposed that a ‘time delay’ of a few minutes occurs in the initial setting of a pacing strategy, that accounts for lag time in setting an exercise intensity corresponding to RPE as a result of afferent feedback. If this is the case, the comparison between past and present schemas during this section of exercise would be difficult, as ‘feelings’ of exercise could not be compared directly. Therefore, the provision of objective, comparative performance feedback during this time would prove invaluable. Indeed, in the present study, it is this section of the TT where the differences between the conditions are most apparent.

During the COR condition participants displayed the classic end sprint phenomenon (Tucker and Noakes, 2009), where speed or PO increases significantly in the last section, as by approaching ‘end-point’, pacing uncertainty is reduced and motor unit and metabolic reserve need not be protected. However, this was not evident in the FAL condition despite participants knowing the end point. Furthermore, differences in speed between the COR and FAL conditions were also significantly different in this section of the TT (see Figure 6.3). A proposed mechanism for this observation may be the greater accuracy of schema comparison in the CON group that arose from the correct performance feedback. With a more accurate comparison of expected versus actual exercise demands, the CG could afford to be less stringent in its control of the metabolic reserve, and thus allow a greater access as exercise end point draws nearer. This is similar to the previously proposed notion of the greater accuracy of knowledge of end point (and therefore a more liberal end sprint) that distance feedback may provide (Chapter Four). In addition to this mechanism, it has previously been shown that motivation and verbal encouragement can improve performance in exercise tests (Andreacci et al., 2002; Chitwood et al., 1997; Karaba-Jajovljevic et al., 2007; Moffatt et al., 1994), although the exact mechanisms behind this improvement remain elusive. If the main role of a governor is to prevent catastrophe, and in order to do this a protective threshold is created that prevents complete maximal effort or intensity from ever being attained, then perhaps one way in which motivation aids performance is through pushing the proposed ‘protective threshold’ closer to its true maximum (see Figure 6.5). The governor must still limit intensity, so that a true maximum is never quite reached (or risk catastrophe); however, with the extra motivation that comparative performance feedback provides, the normal protective threshold can be moved a little closer to maximum, resulting in a small improvement in performance. This is similar to the proposition of gaining access to the body’s ‘motor reserve’ (Chandler and Blair, 1980; Micklewright et al., 2009; Swart et al., 2008). 
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Figure 6.5 Diagram of the theorised protective thresholds that the central governor uses to limit exercise intensity and prevent physiological catastrophe. When regulating intensity in self-paced, closed loop exercise, the governor will limit motor output by preventing exercise intensity above a normal protective threshold (b). In particular circumstances, such as when motivation or arousal is high, this threshold may be ‘pushed’ higher towards a true maximal effort, although this pushed protective threshold (c) will always be below a true maximal effort (d). The level, or percentage of maximal effort at which these thresholds are set is likely to differ between individuals, and will be dependent on training and experience.
One curious observation in this study is the pronounced difference in completion time and pacing strategy between the COR and FAL conditions, despite participants not realising that the feedback received during the FAL condition was incorrect. Indeed, in the FAL condition, when participants thought they were going faster than BL they were actually going slower, and when they thought they were going slower they were actually going faster. The reason for the marked difference between conditions is not clear, especially since participants were unaware of the deception. Previous findings suggest that noncontingent feedback gives rise to uncertain self-images, through self-doubting of performing efficaciously in a particular area, and creating a state of uncertainty about the causes of their achievement outcomes (Thompson, 2004). These factors are believed to cause individuals to be uncertain as to how best to attribute a cause of their achievement, and thus doubt their personal capacity to bring about particular outcomes. Whether this mechanism occurs in a competitive exercise context is not clear however. Despite participants not consciously being aware of the difference between the feedback conditions, there may have been some form of subconscious awareness that brought about these feelings of uncertainty, which ultimately hindered performance. Alternatively there may have been some false complacency during the FAL trial, so that when they thought they were consistently ahead of their BL time (at the start and end of the TT, despite being behind) they could afford to ease off (and were rewarded by doing so). This may explain why the end sprint in the FAL trial was considerably blunted. In a TT competition scenario this mentality is not likely to occur however, as winning or losing will come down to who completes the distance the fastest (rather than rider placing). The addition of some form of extrinsic reward, based on performance time, in this study protocol would help eliminate the possibility of this ‘easing-off’ at the end approach. 

As participants were initially told that the purpose of the study was to investigate the reliability of performance times in track cycling, there may have been some influence of demand characteristics on the results (i.e. participants sub/consciously attempting to perform TT as reliably as possible). However, this is unlikely, as participants were highly trained competitive athletes, were asked to perform each TT maximally and were being observed by their track coach and peers. This is supported by the fact that participants completed TT in significantly different times and on completion of the study confirmed that a maximal effort was performed for each TT.

6.6
SUMMARY
In conclusion, this study has shown that in an applied field setting the provision of correct comparative feedback improves performance over and above that of non-contingent performance feedback. Accurate performance feedback serves to increase speed at the start and end of a 4 km TT bout, resulting in an improved performance time. Although mechanisms for this effect remain speculative, it is proposed that accurate and objective performance feedback strengthens the comparison of schemas between past and present exercise bouts, reducing the level of control of work rate placed on the body by the putative central governor. Additionally, this information may also increase levels of task motivation which pushes the protective, exercise intensity threshold, closer to maximum, thereby allowing access to the motor reserve. Consistently incorrect feedback is suggested to confuse the conscious processes of schema comparison, through the conflict of information within the body and that received from the coach. These findings show that the provision of accurate performance feedback in self paced exercise is beneficial to performance, especially during the start and end of a track cycling bout. These results are of interest to competitive athletes and their coaches looking for methods to improve performance in their given event. 
CHAPTER SEVEN

STUDY FOUR

INFLUENCE OF ACETAMINOPHEN ON PERFORMANCE DURING TIME TRIAL CYCLING

7.1 Introduction

Acute muscle pain occurs during intense, aerobic exercise such as football, middle distance running and cycling (O'Connor and Cook, 1999). Mechanical pressure, heat, cold and endogenous pain producing (algesic) substances activate nociceptive Type III and Type IV afferent fibres which send neural information to the central nervous system (CNS) regarding actual or potential tissue damage (Marchettini, Simone, Caputi, Ochoa, 1996). Skeletal muscle activity results in an increased muscle concentration of noxious chemicals (such as bradykinin, potassium, H+ and prostaglandins) which contribute to the acute muscle pain associated with particular forms of exercise (Mense, 1993). Pain transmission involves not only ascending nerve transmission but also descending pathways that allow the individual to react to the pain sensation (Amann and Dempsey, 2008). These can be manipulated to enhance or modulate a pain response (Jansen, 2008).

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). Recent developments of models of central control of exercise intensity, such as the teleoanticipation (Ulmer, 1996), central governor model (CGM) (Noakes et al., 2005), and the anticipatory-RPE feedback model (Tucker and Noakes, 2009), propose that exercise intensity is preset prior to exercise in an anticipatory manner, based on experience. But during exercise, intensity is regulated through the conscious perception of effort via the interpretation of afferent signals from the periphery (Tucker and Noakes, 2009). The CNS uses this information to regulate exercise intensity so that whole body homeostasis is protected and a metabolic ‘emergency reserve’ is always present (Swart et al., 2008). Amann, Proctor, Sebranek, Pegelow, Dempsey (2009) propose a similar system of central control, whereby peripheral fatigue is monitored by the CNS, which alters central motor drive (CMD) to limit the level of peripheral fatigue development, thus avoiding intolerable levels of effort/pain and/or excessive muscle dysfunction.  If neuromuscular signals are consciously interpreted as pain, leading to pace or intensity regulation, then an individual with a higher tolerance for pain may be ‘allowed’ a greater power output (PO) than an individual with a lower tolerance. 


If pain is a moderator of ‘allowed’ exercise intensity, then any mechanism that may either reduce the level of pain, or raise the performer’s tolerance to it, may theoretically serve to enhance performance by enabling an athlete to go above the normal protective threshold and into the metabolic reserve (Tucker and Noakes, 2009). One method in which this may be achieved is through the administration of analgesics, or ‘pain-killers’. Analgesics are commonly used by athletes (Garcin, Mille-Hamard, Billat, Imbenotte, Humbert, Lhermitte, 2005), but there has been relatively little research in this area, and that which does exist is often inconsistent. These studies have largely focused on the effect of drugs such as aspirin (Cook, O'Connor, Eubanks, Smith and Lee, 1997; Hudson, Green, Bishop and Richardson, 2008), caffeine (Hudson et al., 2008; Motl, O'connor, Tubandt, Puetz and Ely, 2006) or amphetamines (Chandler and Blair, 1980; Swart et al., 2009) on exercise performance. However these drugs elicit actions other than analgesia, such as anti-coagulation, increased fat oxidation or psycho-stimulation, such that any observed performance improvements cannot solely be attributed to the analgesic properties of the drug. Amann et al., (2009) have previously shown that the peripherally acting analgesic fentanyl allowed cyclists to increase CMD during a self-paced time trial (TT). However, the observed increased PO during the first half of the TT caused severe peripheral muscle fatigue, leading to a reduced PO in the second half of the TT.

Acetaminophen, also known as paracetamol, is a commonly used non-prescription analgesic and antipyretic and is considered one of the safest nonopioid analgesics at therapeutic doses (Andrade, Martinez and Walker, 1998; Morgan and Dorman, 2004). Its main mechanism of action is the inhibition of cyclooxygenase (COX), similar to that of non-steroidal anti-inflammatories (NSAIDS) (Anderson, 2008), which is responsible for the production of prostaglandins. As prostaglandins sensitise nociceptors, this effectively means that acetaminophen relieves pain by elevating the pain threshold, that is, by requiring a greater amount of pain to develop before it is felt (Insel, 1996). Despite acetaminophen’s action on COX, its mechanism of action is different to that of NSAIDS, as acetaminophen has only a minor peripheral effect (Graham and Scott, 2005). Instead, acetaminophen’s primary action is central, namely on the serotonergic descending pain pathways (Anderson, 2008). The pharmokinetics of acetaminophen are unaffected by exercise (Sawrymowicz, 1997), it has little anti-inflammatory action (Mense, 1993) and other than analgesia, has no other effects that might be expected to alter exercise capacity (Medicines Compendium, 2008). The use of acetaminophen in research therefore appears to be preferable to other previously used drugs investigating pain relief and exercise performance. 


The purpose of the current study was to establish whether the ingestion of acetaminophen would reduce perceived pain and RPE during a ten mile (16.1 km) cycle TT, resulting in improved completion times. It was hypothesised that acetaminophen would reduce RPE and pain and improve completion time compared to that of a placebo.

7.2 Methods

7.2.1 Participants
Thirteen trained (VO2peak = 65 ± 5 mL∙kg-1∙min-1), competitive male cyclists, aged 26 ± 9 years, were recruited from local cycling clubs to participate in this study. These participants were selected because they participated in regular, structured training (13.4 ± 3 h∙wk-1) and competed frequently (~ 1 competition∙wk-1) in distances the same as, or similar to, that performed in the current study. Prior to selection for the study, all participants were asked to fill out an acetaminophen risk assessment questionnaire that was developed following consultation with a lead clinician in pain management and consultant anaesthetist. Where this questionnaire was not satisfactorily completed and consumption of acetaminophen was judged unsafe, the participant was not permitted to participate in the study. The study was conducted with approval of the Institutional Ethics Committee and participants read and signed a form of written informed consent. Prior to the testing conditions all participants were given a period of familiarisation in the laboratory, including a 10 mile TT. All exercise tests were conducted on a Computrainer cycle ergometry system (RacerMate® Computrainer, Seattle WA) which allows each cyclist to ride their own bicycle in the laboratory. Prior to each test, the Computrainer was calibrated in accordance with the manufacturers’ recommendations.

7.2.2 Familiarisation

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

7.2.3 VO2peak test

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

7.2.4 Time trials

Each participant returned to the laboratory on two more separate occasions to perform a 10 mile TT. The first TT was completed within seven days of the MIE. These TT were separated by 2-7 days to allow the participant full recovery and were completed at the same time of day (± 2 h). Prior to each TT, participants were asked to refrain from drinking alcohol (48 hours abstinence) or caffeine (8 hours abstinence) and instructed not to perform any exhaustive exercise in the 48 hours preceding the TT. Participants were also asked to keep their pre-exercise meal the same. On entry to the laboratory, participants orally ingested either three (500 mg) capsules of acetaminophen (1.5 g total) (ACT) or a placebo control (PLA) (1.5 g dextrose). The capsules were administered in a randomised, double-blind design. After ingestion participants were given a period of forty-five minutes during which they were allowed to sit quietly, stretch, or warm-up on their bike. This time period was chosen as peak plasma concentrations of acetaminophen occur 30-60 minutes after ingestion (Medicines Compendium, 2008). Participants were asked to perform the same activities during this time in both conditions. TT commenced approximately one hour following ingestion of the acetaminophen or placebo.  For each TT a laptop computer was placed in front of participants, which displayed the Computrainer software program. Participants could see a computer projected image of themselves, the distance that they had cycled and the distance remaining on a continuum scale. Each TT began with a standing start after a numerical countdown appeared on the computer screen. Participants were given no indication of completion time and received no feedback on performance during or after either TT. A fan was positioned in front of the participants throughout testing. The Computrainer ergometry system continuously recorded PO, speed, and time. VO2 and HR were recorded continuously as previously described. Blood lactate concentration (B[La]) was measured halfway through and four minutes after (End B[La]) completion of each condition. 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 conditions, participants were asked their RPE and perceived pain for every kilometre that they completed of the TT. On completion of both conditions and following a debriefing, all participants stated that they could not tell the difference between the administered capsules on ingestion.
7.2.5 Perceived pain

A category-ratio scale was used to assess perceived pain during conditions (Cook et al., 1997). This scale uses 0-10 scores, accompanied by verbal descriptors (No pain at all – ‘Extremely intense pain’). An option to select a number above 10 (‘Unbearable pain’) is available when necessary. This scale has been shown to be a reliable and valid measure of pain during cycling exercise (Cook et al., 1997). Prior to testing, participants were given an introduction to and explanation of the pain scale.
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Figure 7.1 Schematic of the 10 mile (16.1 km) TT exercise bout performed by all participants. Participants ingested either acetaminophen (ACT) or a placebo (PLA) prior to the TT.
7.2.6 Statistical analysis

Descriptive data are presented as mean ± SD. Due to the lack of previous literature investigating acetaminophen during exercise, two studies using similar methods and dependent variables were selected to provide power calculations (Bell and McLellan, 2003; O'Connor et al., 2004). It was estimated that a sample size of approximately fourteen was required to achieve a statistical power of 80 % at an alpha level of 0.05 (Rosner, 2006). Differences in completion time, mean PO, B[La], VO2 and HR were assessed using a one way ANOVA and appropriate students paired t-tests. Values for MidVO2 and MidHR were taken during the first thirty seconds of the eighth kilometre in each TT and were calculated as a percentage of VO2peak and maximum HR recorded during the MIE test. Values for EndVO2 and EndHR were taken during the final thirty seconds of the final kilometre and were calculated as a percentage of VO2peak and maximum HR recorded during the MIE test. Changes in PO, RPE and pain over each condition were examined using a two way analysis of variance with repeated measures. For analysis of PO, the first 1.5 km was not included in the ANOVA to accommodate for the part of the riders pacing strategy which, according to Ulmer (1996), would not be dictated by afferent feedback due to ‘lag-time’ associated with the onset of exercise. The 95 % confidence intervals were calculated for completion time, mean PO, B[La] and HR for each condition. PO was recorded every ten seconds in each condition, and averaged for every half kilometre completed to create the graphed PO profiles. Statistical tests were conducted using SPSS version 15.0 (Chicago, IL, USA) and significance was accepted when p < 0.05. 
7.3 Results

7.3.1 Completion time

A significant difference in completion time between conditions was found (t12 = 2.54, p < 0.05) (95 % CI of the difference = 4.3 – 55.8), with participants completing the TT in significantly less time during the ACT condition (26 min 15 s ± 1 min 36 s) than during the PLA condition (26 min 45 s ± 2 min 2 s), as shown in Figure 7.2. 
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Figure 7.2 Changes in completion time over the PLA and ACT conditions. a. Individual changes in completion time across PLA and ACT conditions Twelve out of thirteen participants completed the ACT quicker than the PLA condition. b. Mean change in completion time from PLA to ACT condition for all participants.  Participants completed the ACT condition in a significantly quicker time than in the PLA condition (p < 0.05).  
7.3.2 Power output

A significant difference in the MPO achieved by participants between conditions was observed (F1, 12 = 4.79, p < 0.05) (95 % CI of the difference = 0.6 – 21.1). In the ACT condition participants rode at a higher MPO (265 ± 12 W, 95 % CI = 239 – 292 W) than in the PLA condition (255 ± 15 W, 95 % CI = 222 – 287 W) (see Figure 7.3). Paired samples t-tests showed a significant difference in PO between the ACT and PLA conditions during the seventh kilometre (t12 = -2.6, p < 0.05) (95 % CI of difference = -44.5 – -0.1) and the tenth kilometre (t12 = -2.2, p < 0.05) (95 % CI of difference = -37.2 – -3.3) (see Figure 7.3).
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Figure 7.3 Group mean power output profiles across both PLA and ACT conditions. Although participants started both conditions at a similar PO, acetaminophen reduced the extent to which PO declined towards the middle section of the TT. By the final kilometre participants were able to produce an end sprint of similar magnitude.
7.3.3 B[La], VO2 and HR

Group mean data are shown in Table 7.1. A significant difference in B[La] between conditions was found (p < 0.05), with participants reaching a greater B[La] concentration in the ACT condition than in the PLA condition. A significant difference in MidHR between conditions was observed (p < 0.05), with a higher percentage of maximum HR reached in the ACT condition. No significant differences between conditions were observed for End B[La], MidVO2, EndVO2 or EndHR (p > 0.05).

Table 7.1 Mean ± SD values for B[La], VO2 and HR in the ACT and PLA conditions.

	Condition
	B[La]
(mmol∙L-1)
	EndB[La]
(mmol∙L-1)
	MidVO2

(% max)
	EndVO2
(% max)
	MidHR

(% max)
	EndHR

(% max)

	ACT
	6.1 ±

2.9
	7.1 ± 

2.4
	79 ± 

9
	94 ± 

5
	87 ± 

7
	95 ± 

4

	PLA
	5.1 ± 

2.6*
	7.0 ± 

2.4
	76 ± 

10
	91 ± 

6
	84 ± 

9*
	93 ± 

5


*Significantly different between the ACT and PLA conditions (p < 0.05).

7.3.4 RPE and perceived pain

RPE and perceived pain profile are shown in Figure 7.4. No significant difference between conditions was observed for RPE (F1, 12 = 0.71, p > 0.05) and no interaction in RPE scores over time between each condition was found (F15, 180 = 1.26, p > 0.05). There was no significant difference  between conditions for perceived pain (F1,12 = 1.30, p > 0.05) and no interaction in pain scores over time between conditions was observed (F15,180 = 0.15 = p > 0.05).
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Figure 7.4 Group mean RPE (a.) and perceived pain (b.) responses over both PLA and ACT time trial conditions. Participants showed a similar linear increase in RPE and perceived pain across both conditions that were not significantly different.
7.4 Discussion

The purpose of this study was to ascertain whether the ingestion of 1.5 g of acetaminophen would influence completion time, physiological responses, perceived exertion and perceived pain during a 10 mile TT. It was hypothesised that the ingestion of acetaminophen would improve the completion time of the TT through the reduction of perceived exertion and pain. Our principal and novel finding was that after ingestion of acetaminophen, TT completion time was reduced, but in the absence of any reduction in perceived pain or perceived exertion. This is an important finding as it confirms the previously unsupported suggestion that acetaminophen can be used as an ergogenic aid in sport. This practice is prevalent in a number of sports, particularly cycling and sprinting (Garcin et al., 2005), and the current findings suggest this could be beneficial to performance. Despite the incidence of acetaminophen use amongst athletes, to our knowledge, this is the first study to directly test its effects on self-paced exercise performance. 
The average of 2 % (30 s) improvement in completion time observed in the ACT condition appears to be the result of a significantly reduced drop in PO during the middle section of the TT (see Figure 7.3). This reduced drop in PO with the ingestion of ACT occurs alongside no change in perceived pain or exertion between conditions (see Figure 7.4). It therefore appears that the ingestion of ACT prior to exercise allows an athlete to exercise at a greater intensity for the same level of perceived pain and exertion. Swart et al., (2008) have previously shown that the amphetamine methylphenidate allowed cyclists to sustain higher work rates and greater levels of ‘metabolic and cardio-respiratory stress for longer’, while perceiving the exercise ‘stress’ to be identical to a placebo condition. The authors concluded that methylphenidate allowed cyclists access to a ‘metabolic and cardio-respiratory reserve’ which is normally prohibited by a CNS regulator. Although they could not pinpoint what change in the CNS ‘allowed’ this access, it was surmised that methylphenidate altered the manner in which the central regulator interpreted afferent feedback from the homeostatic sensors in the body. In the current study, a similar effect on PO and perceived exertion was found. However, because acetaminophen is an analgesic, rather then a stimulant, and has no side effects that may alter exercise capacity, the change in performance observed in the current study can be solely attributed to the analgesic properties of acetaminophen. This finding provides support to the notion that pain tolerance is one of the possible variables that is utilised by a CNS regulator, or governor, to limit exercise intensity in order to prevent physiological harm. Acetaminophen presumably reinforced participants descending inhibitory pain pathways (Pickering, 2008), thereby blunting the pain response to exercise. This would cause the putative CNS regulator to ‘think’ that the physiological demands of exercise were less than they actually were, consequently allowing a higher work rate to be maintained (or access to a ‘metabolic reserve [Swart et al., 2008]). 

In addition to the improved completion time and increased PO associated with acetaminophen ingestion, a higher HR and an increase in B[La] was observed in the ACT condition. The observed increase in HR and B[La] is likely due to the energy supply from oxidative and non-oxidative sources being elevated as a consequence of the increased PO (Juel, 1997). The increased work rate and associated increase in HR and B[La], in the absence of increased effort perception or pain, provides further evidence that during the placebo trial, participants were somehow prevented from, or were reluctant to, exercise at an intensity that was still within their physiological capacity. This conclusion is in-line with the study of Amann et al., (2009). The absence of any significant change in VO2 between conditions, coupled with an increased B[La] in the ACT condition, indicates that the performance improvement observed was not due to a decrease in peripheral fatigue, but rather to an increased tolerance to a higher work rate. An interesting addition to this point is that on completion of both conditions the majority of participants revealed that they found the ACT condition ‘easier’ or ‘better’, despite there being no difference in their recorded pain or RPE scores. As the participants were all highly trained cyclists, this may be due to their knowledge of the gearing and cadence selected (and thus PO).
Amann et al., (2009) have previously shown that the injection of intrathecal fentanyl to impair cortical projection of opioid-mediated muscle afferents allowed cyclists to endure a higher development of peripheral locomotor muscle fatigue. However, in that study, no performance improvement was observed as the blocking of lower limb afferent feedback caused participants to induce peripheral muscle fatigue substantially beyond their ‘critical threshold’ (Amann and Dempsey, 2008; Gandevia, 2001). As a result, participants rode at a significantly higher PO during the first half of the TT, but a significantly lower PO during the second half of the TT in the fentanyl condition. The findings of the current study support the conclusions of Amann et al., (2009), that central motor drive restricts the development of peripheral locomotor fatigue to an individual critical threshold, and that this level of restriction is at least partly based on muscle afferent feedback. It is interesting to note that in the current study, a performance improvement was associated with the attenuation of afferent feedback, whereas in the study of Amann et al., (2009) it was not. This may be due to fentanyl attenuating ascending activity of nociceptive and metaborecptive fibres below T1-T3 (peripheral action), whereas acetaminophen acted on serotonergic descending pain pathways. The central action of acetaminophen therefore may have depressed the CNS’ perception of pain, whereas fentanyl simply prevented signals of pain from reaching the CNS. Therefore, acetaminophen may allow at least some level of interpretation of afferent feedback and pain to occur. This is reflected by the differences in pacing strategy adopted in the study of Amann et al., (2009) and in the present study. In the fentanyl condition, participants adopted a highly aggressive positive pacing strategy (different from their control condition), whereas in the ACT condition in the current study, participants displayed a classic ‘U’ shape or linear pacing strategy, that was similar to the PLA condition. The significantly higher PO in the first half of the fentanyl condition may have forced the adoption of a positive pacing strategy, due to significantly higher development of peripheral locomotor fatigue that could not be endured. The absence of this effect in the ACT condition of the current study suggests that after ingestion of acetaminophen some level of central regulatory system could be maintained. However acetaminophen did reduce the restraint on central motor drive, allowing work rate to increase to a level that increased TT performance, but not to a point where peripheral fatigue developed such that PO was severely affected, as with fentanyl. Gandevia et al., (1990) showed that in the complete absence of afferent feedback from the hand, participants could still complete simple motor tasks to the same level as when full feedback was available. This contrasting finding suggests that peripheral and central aspects of control may differ depending on the task and the muscle group. 
The PO selected by participants in both conditions was very similar during the first 3-4 km of the TT. However, after this point, differences increased between the conditions, as illustrated by an average of 5 % higher PO in the ACT condition between the sixth and twelfth kilometre (see Figure 7.3). This reduced drop in PO during the middle period of the trial is a finding that is consistent with Swart et al. (2008), who observed that during a cycling exercise at fixed-RPE, the amphetamine methylphenidate did not effect initial selection of PO, but did cause PO to fall less rapidly following exercise onset.  Ulmer (1996), in his original proposition of teleoanticipation, identified a period of lag-time at the onset of exercise, where afferent feedback from the periphery is yet to reach, or be interpreted by, a central regulator. As a result, this initial pacing strategy at the start of an exercise bout is often different from the middle section, where a greater emphasis is placed on afferent feedback as an exercise regulator. In the current study, if a pacing strategy was set in an anticipatory and feedforward manner, then in the absence of afferent feedback the similar PO between conditions at the start of the TT is not unexpected. Once afferent feedback becomes a contributory factor to the regulation of a pacing strategy, differences in PO between the conditions become apparent. This is due to acetaminophen reducing the perception of pain for a given intensity, and therefore lessening the stringency of the central regulator, allowing exercise to continue at a higher level despite increased metabolic and cardio-respiratory demands. If the performance improvement elicited by acetaminophen is only apparent during the part of the exercise where afferent feedback is used as the primary information for exercise regulation, then the observed performance improvement is likely to be less clear in exercise of shorter duration but might be more pronounced in exercise of longer durations.
A further observation of the study is the unchanged RPE profile between conditions, despite changes in PO, completion time, B[La] and HR. RPE showed a linear increase in both conditions which was not found to be significantly different. This finding supports the main notion of the RPE-anticipatory model that RPE mediates pacing strategy (Tucker and Noakes, 2009) and that in self-paced exercise, RPE is scaled proportionally to the exercise time remaining (Faulkner et al., 2008). 

Despite the observed improvement in performance produced by acetaminophen in the current study, previous research investigating the efficacy of analgesics in exercise has produced equivocal results. Garcin et al., (2005) reported that the incidence of acetaminophen use amongst young sub-elite athletes was greater than that in the normal population, with the greatest use reported in sprinters and cyclists. Garcin et al., (2005) found that young (age = 19 years), high-level athletes who consumed acetaminophen had a lower perceived exertion response at a running velocity at lactate turnpoint. The authors concluded that athletes may have consumed acetaminophen in an attempt to better tolerate the pain associated with training and competition. Although B[La] responses to exercise were not measured continuously in the present study, participants did cycle with greater blood lactate concentrations for the same level of pain in the middle section of the ACT condition, which is consistent with the results of Garcin et al., (2005). The ingestion of aspirin (Cook et al., 1997; Lisse et al., 1991; Roi et al., 1994) and various NSAIDS prior to, and following, exercise (Howatson et al., 2008) has produced equivocal results. Differences between current and previous findings are likely to be due to differences in protocol or dose. However, the differing mechanism of action between different analgesics may influence their impact on exercise performance. This is particularly apparent when comparing the current study with that of Amann et al., (2009). Future research should focus on isolating mechanisms of action for analgesics during exercise, as this will provide further insight into which afferent pathways are of primary importance for central regulation of exercise. 

The use of pharmacological methods to reduce pain during exercise in an attempt to improve exercise performance raises a number of ethical concerns. Athletes who ignore pain, or are more tolerant to it through the ingestion of analgesics, are potentially at greater risk of injury, as pain may be an important warning of impending or actual tissue damage. Large or chronic doses of pain relief medication can also be dangerous, causing liver, kidney and gastrointestinal damage (Andrade et al., 1998; Medicines Compendium, 2008; Morgan et al., 2004). International and national sport organisations have banned many pain medications, yet several over-the-counter medications (such as acetaminophen) are not regulated. We wish to point out that we do not condone or recommend the chronic use of analgesics for the enhancement of athletic performance and stress the importance for a greater awareness amongst coaches and athletes of the potential dangers for the use of non-prescribed pain-relief medication in sport.  
7.6
Summary
In conclusion, this study has shown that the ingestion of acetaminophen improves the performance of a 10 mile cycle TT through an increased PO, in the absence of a change in perceived pain or exertion. The 2 % (30 s) improvement in TT performance is highly meaningful in performance terms in trained cyclists. We speculate that the increased tolerance of pain with acetaminophen, allowed exercise intensity to be set closer to the actual physiological limit, or critical threshold (Amann and Dempsey, 2008; Gandevia, 2001), that would otherwise be limited by a central regulator. These findings provide support for the notion that exercise is centrally regulated through the provision of afferent feedback from the periphery and is, to the authors’ knowledge, the first study to provide evidence for a direct link between moderation of pain perception and an improved exercise performance.
CHAPTER EIGHT

CONCLUSIONS, RECOMMENDATIONS AND DIRECTIONS FOR FUTURE RESEARCH

8.1 Overall summary

This thesis represents a significant advancement of knowledge in the previously proposed models explaining the internal mechanisms of central regulation of exercise. These being; the theories of teleoanticipation (Ulmer, 1996), the central governor model (Noakes et al., 2005) and the anticipatory-RPE model (Tucker and Noakes, 2009). The completed studies in this thesis have applied a self-paced cycling protocol to test the fundamental underpinnings of these models of central regulation, in order to strengthen some of the occasionally tenuous and often weakly supported suppositions. Therefore, the findings of the series of studies have furthered knowledge of central regulation of exercise in an applied context, where these models are believed to exert the greatest effect.

As the setting and maintenance of a pacing strategy during self-paced exercise is indicative of the regulation of work rate, the monitoring of pacing has been a central theme for each of the studies in this thesis. In study one, the role of distance knowledge, prior experience (stated to be the key pieces of information required to construct a pacing strategy at exercise onset) and distance feedback (previously speculated to be important during exercise) in exercise performance were examined. Prior experience of an exercise bout was found to be of primary importance, over and above distance knowledge, with distance feedback providing no additional benefits. These conclusions need to be taken in context with the methodologies used in this study however. Participants in the EXP and CON groups utilised very different pacing strategies (see Figures 4.3 and 4.4) (despite producing almost identical times by the fourth TT) which was due to the level of information they received. Distance feedback will provide a more precise knowledge of endpoint, which is a fundamental prerequisite for an end sprint (as was the case in the CON group). In shorter duration TT (< 6 km), the functional significance of an end sprint is less than that of longer duration TT. Therefore, the provision of distance feedback in longer TT may elicit different results to that found in study one. Further to this, we speculate that an observed end sprint represents the level of error (or an overly controlling CG) in pacing during the earlier 90-95 % of a TT. Therefore, in highly trained athletes, who will work closer to an individual maximum and where pacing is more accurate, the end sprint may only represent a minor improvement in performance. These two factors may explain the results found in study one. Conversely, in untrained athletes, where pacing is less accurate, the end sprint may represent an important end factor as it allows the athlete to ‘make up for lost time’. Certainly, the provision of distance feedback should not be disregarded as a performance aid for athletes and further research is warranted in this area.


In a practical context this study has significance on a number of levels. For researchers and sports scientists this study highlights the importance of prior experience to attain peak performance. Researchers should therefore ensure that in self-paced TT protocols, a minimum of one familiarisation trial should be completed by all participants prior to testing. For untrained athletes the number of familiarisation trials may need to be increased in order to reduce participant learning effect during actual testing. Researchers should also fully consider what information to provide participants with before and during testing, and how this may impact upon results, particularly in repeated TT. This level of detail should also be obviously stated in published papers, to aid clarity and conformity between studies. In an applied context, athletes should take potential importance of prior experience very seriously. Although this may not be so important with fixed races (such as track cycling), gaining prior experience on variable topography races (such as Tour de France stages) may have major benefits for performance. By knowing where particular gradients are on a course, and how capable the athlete is at dealing with them, anticipatory pacing could be greatly improved.

Study two investigated how securely a pacing strategy may be stored in the brain and the necessity of an athlete’s ability to accurately judge the distance completed in an event. The retention and recall of a previously stored pacing strategy was shown to be robust. Cyclists appear to be unable to accurately judge distance, although this ability improves with performance (despite a lack of performance effect). It is highly unlikely that the internal timing mechanism actually judges distance. It is proposed that time is judged through the accumulation of internal ticks or pulses and that a given number of these pulses are then converted into a given time period. Therefore, in order for an athlete to judge distance, a further calculation must be made which estimates distance completed based on the duration of exercise. Based on this notion it is not surprising that distance errors as high as 25 % were observed in trained cyclists in this study. Using this logic, providing an athlete with distance knowledge during an event could potentially generate huge amounts of error when basing pacing on remaining distance (athlete converts known distance, to estimated time, to number of pulses, to work rate distribution). Therefore, in feedback provision, a better strategy may be to provide the athlete with the time remaining based on current (or mean) power output, rather than simply distance feedback. This would reduce the level of subconscious calculation required and potentially improve accuracy of anticipatory pacing.

Study three applied some of the previous principles investigated during studies one and two to an applied field setting. It further introduced the use of performance feedback, and how this may be of benefit to cycling performance. Accurate performance feedback was shown to improve performance, possibly due to improved knowledge of personal ability in completing the exercise, or improving motivation. Incorrect performance feedback produced worse performances, possibly due to confusion between current demands and expectations. The results of this study are of particular interest to athletes as the field-based design bears most relevance to actual competition. The results of the study suggest a potential role for positive motivation and accurate performance feedback in improving performance. However, in some situations these interventions may be at odds with each other (i.e. if athlete is underperforming correct performance feedback may demotivate). Therefore further research is warranted in this area to elucidate which factor is most beneficial to attaining peak performance. In this study, differences between trials were most evident at the start and at the end of the TT. It therefore may be the case that motivation and performance comparison based interventions would be most fruitful when focussed on these sections of a race.

Finally, study four investigated the role of afferent feedback, namely pain, on the regulation of self paced exercise. Using acetaminophen to reduce pain during exercise produced an increased ability to perform a cycling TT, providing evidence for a level of central regulation of work rate. The results of this study are potentially the most exciting and significant of the whole thesis. Taken with the findings of Amann et al., (2009), this study provides significant evidence that self-paced exercise is directly limited, below a maximum, by the perception of pain. This finding not only provides the most direct support for the CGM, but suggests that further improvements in performance can be gained by improving tolerance of the discomfort generated by strenuous exercise. Amann et al., (2009) found no improvement in their participants, whereas in this study a significant improvement in completion time was observed. A more potent (and peripheral) analgesic was used by Amann et al., (2009) which resulted in participants adopting an inappropriate pacing strategy. However, study four showed that analgesia (at a central level) can improve performance, and therefore it may be a case of not pushing the limit too far. Interestingly, participants in the Amann et al., (2009) study did not suffer permanent damage following the exercise (as would be suggested by the CGM). Therefore, the results of Amann et al., (2009) and study four suggest that a mechanism of central control may initially limit performance (as a protective mechanism) and should this fail, peripheral mechanisms cause cessation of exercise before permanent damage occurs (whether this is a secondary protective mechanism or simply cellular response to prolonged high intensity exercise is unknown). This may then pose the question as to whether elite athletes are more capable of pushing past any putative central protective mechanism and into the realms of severe peripheral fatigue, thus producing record breaking performances.  

Collectively, these studies provide support for the notion that self-paced exercise is regulated by central mechanisms and that work rate is arranged in a feedforward, anticipatory manner. The thesis highlights the complexity of the mechanisms that play a role in the regulation of effort and emphasises the need for a more holistic, complex approach to fatigue and effort regulation, which may be task dependent, rather than a linear, global mechanism of task failure. An athlete’s pacing strategy has been shown to be a multifaceted process which is vital in exercise performance. Evidence is provided that pacing is preset prior to exercise onset, and that this process relies on not only knowledge of the exercise at hand, but also the complex comparison of similar bouts of prior experience against expected demands of the current bout. During exercise, these comparisons appear to be continuously made, and extra information which may aid this process may consequently improve performance. Afferent feedback, in this case pain, has been shown to be a key variable in the regulation of effort during the bout. Perception of this feedback has been shown to limit work rate, so that an altered perception of the feedback serves to modify effort.

8.2 Comments and recommendations

A series of studies were undertaken to provide insight into how a pacing strategy may be regulated during self-paced exercise.  The following section will identify some of the key recommendations from the findings from each of the studies. 

8.2.1 Comments and recommendations from study one: Influence of feedback and prior experience on pacing during a 4-km cycle time trial
· The importance of prior experience of a particular exercise bout cannot be stressed enough. Athletes should always seek to familiarise themselves with the exercise at hand and gain as much prior experience as possible. In research terms, a familiarisation period of the type of exercise (especially with untrained participants) should be considered vital in attaining reliable results;

· Continuous distance feedback appears to be of little benefit to performance. However, athletes and coaches should consider utilising regular interval (especially when approaching exercise end point) distance feedback, as this may improve accuracy of self pacing. This may be of particular importance in longer distances;

· Pacing appears to be based, at least at some level, on RPE. Therefore, athletes should seek to attune themselves with this scale and explore methods of using this in training and/or competition pacing. Although the RPE scale is merely reflective of an internal process, a formal scale may be useful for coaches to prescribe training intensities and athletes to have some fixed level of comparison. 

8.2.2 Comments and recommendations from study two: Influence of exercise variation on the retention of a pacing strategy
· It appears that the greater the level of accuracy with which an athlete can predict end point, the less conservative the pacing in that event will be. A more precise awareness of exercise endpoint will encourage a more significant end sprint due to less of a reliance on afferent feedback; 

· Providing an athlete with a knowledge of distance remaining/completed may be interpreted incorrectly in terms of time remaining (which is more comparable in internal timing). Therefore, coaches and athletes should consider exploring methods of feedback which incorporate distance and time remaining based on current power output.

8.2.3 Comments and recommendations from study three: The effect of non-contingent and accurate performance feedback on pacing and time trial performance in 4-km track cycling

· Athletes and coaches should consider the use of comparative feedback to their previous performances during competition;

· Coaches should provide positive feedback to their athletes before, during and after an event to maintain task motivation;

· Coaches should recognise the start and the end of an exercise bout as the optimal times to provide comparative feedback and motivation for their athlete.

8.2.4 Comments and recommendations from study four: Influence of acetaminophen on performance during time trial cycling

· Athletes should be made aware that exercise capacity may be limited by their perception of pain, and that increasing their tolerance to pain may aid performance. Athletes may wish to explore training strategies that are able to raise their tolerance to pain associated with intense exercise.

In light of these comments and recommendations, athletes and coaches may wish to explore the following interventions in training and competition:

· Increasing level of personal experience (i.e. actually completing the route) for the particular course;

· Increasing the quality of the feedback presented to the athlete (distance, time remaining and comparison to previous performances;

· Increasing athlete motivation prior to, during and after an event;

· Increasing the athlete’s tolerance to exercise associated pain.

8.3 Directions for future research

The area of central regulation of effort and anticipatory/feedforward control during exercise is beginning to attract a great deal of attention. Until recently, a relative dearth of research existed in this area, yet in the past two years a number of groups of researchers have been producing frequent papers. Due to the non-linear and complex nature of central control there are numerous areas which future research should concentrate on. As exercise performance appears to be limited by a number of systems, which may vary depending on various factors (such as temperature, duration, training, condition of the athlete), research needs to identify the key systems of control and regulation for each set of circumstances. 

The role of distance feedback in trained cyclists in laboratory conditions has been established. However, as these mechanisms are primarily of interest in competitive situations, further studies should investigate the use of distance feedback during actual competition. Therefore, field research, utilising the recent technological advances in training aids (such as GPS tracking), to provide athletes with detailed distance feedback during a race should be carried out. 

The current studies have largely focused on shorter duration cycling exercise (4 -16.1 km). However, it should be acknowledged that some of the principles that have been found to be (un)important in self-paced exercise of this distance may not elicit such an effect in distances of longer duration (> 20 km). Therefore, the necessity of distance feedback, the accuracy of the internal clock and robustness of the pacing schema should all be tested in cycling exercises of longer distance.  

Study three posed some interesting questions regarding the role of psychological interventions in aiding performance that were beyond the scope of this thesis. Further psychophysiological research utilising particular psychological techniques (such as increasing task motivation) and their influence on physiological parameters and effort regulation of an athlete are particularly warranted. 

In terms of improving performance in trained athletes, gaining access to the putative metabolic reserve is an exciting prospect. Future research should try to isolate strategies in which this may be achieved and will consequently improve performance. This may be in the areas of training strategies (to push the protective threshold closer to maximum), diet manipulation, psychological interventions or ergogenic aids.

Finally, all the studies in this thesis utilised a sample of trained cyclists. It is highly likely that less trained or untrained individuals would display different mechanisms and responses to systems of anticipatory/feedforward control and central control. Therefore, these studies should be repeated with an untrained cohort, which would help further explain the internal protective mechanism and the central regulation of exercise intensity.
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INFORMATION SHEET

Influence of paracetamol on pain relief, central control and pacing during a 10 mile cycle time trial
Dear Participant,

Thank you for showing an interest in participating in the study. Please read this information sheet carefully before deciding whether to participate. If you decide to volunteer we thank you for your participation. If you decide not to take part there will be no disadvantage to you of any kind and we thank you for considering our request.

What is the aim of the project?

The purpose of the study is to find out whether the use of paracetamol before exercise can help reduce pain and help improve the performance of an athlete during a 10 mile cycle time trial. This study is being undertaken as part of the requirements of a PhD research degree.

What type of participants are needed?

The tests involved are cycle based; therefore, we are seeking to recruit male volunteers between the ages of 18-45 years, who participate regularly, and to a high level, in road cycling. As part of this study you will be asked to take a dose a paracetamol before exercise, for this reason we ask that you complete the Paracetamol Risk Assessment Questionnaire accompanying this Information Sheet. Should you answer ‘yes’ to any of the questions, in the interests of your safety, you will not be able to participate in this study, but we thank you for your interest.

What will participants be asked to do?

If participating, you will be asked to attend three sessions, the first lasting around 40 minutes, the second and third lasting around 1½ hours each. For each of the sessions, tests will take place on a ‘Turbo-type’ cycle trainer. We therefore ask that you bring your own bike to each session.

Session 1


You will be introduced to the laboratory environment. Your height and weight will also be taken. Following this you will be shown the test equipment and given a chance to practice the test procedures. Then an incremental cycle test to exhaustion will be performed and test data collected. This will involve an easy warm-up on your bike, followed by a timed test on a cycle ergometer, where you will have to maintain a certain power output that will gradually increase (similar to pedaling up a hill that increases in steepness). The test will end when you can no longer maintain the required pedaling speed. This should last around 8-15 minutes. During this test your oxygen intake will be measured using a mask and computer system, and your heart rate will be taken throughout using a heart rate monitor. 

Session 2 and 3


During these sessions, you will be required to perform a 10 mile cycle time trial. They will require heavy aerobic work and you will be asked to complete each time trial in the fastest time possible. During each time trial, your oxygen intake and heart rate will be monitored using the same techniques as in Session 2. On entry to the lab you will be required to take three pills that will either contain a standard, safe dose (1500mg), of over-the-counter paracetamol, or sweetener powder (similar to a ‘Canderel’ tablet). It is very important that you fill out the Paracetamol Risk Assessment Questionnaire given to you with the Information Sheet before this. You will also be asked to perform a maximum voluntary contraction of the thigh against an immovable force. This will involve you sitting down and pushing your leg (similar to kicking a football) as hard as you can against a pad.  You will also have the activity of your thigh muscles assessed using electrical pads that will be placed on your thigh (this will cause no pain or discomfort). To do this a small patch of hair will be shaven on your leg to allow the placement of the pads, which are similar to a sticky plaster. At the end of each time trial, and 5 minutes after finishing, your blood lactate will also be taken. This will involve a small pin-prick on your finger where a small sample of blood will be collected for testing.

What are the possible risks of taking part in the study?

Paracetamol is the most commonly used non-prescription pain killer in the UK and is considered one of the safest pain killers at standard doses. Very rarely, side-effects do occur, with allergic reactions ranging from minor rashes to anaphylactic shock (a severe allergic reaction). The risks of using paracetamol do not increase with exercise and are unlikely to occur if paracetamol has safely been used in the past. In the interests of your safety, you will be asked to complete a questionnaire accompanying this Information Sheet and will be asked to not drink alcohol or take caffeine 48 hours before to testing. You will also be asked not to take paracetamol or any paracetamol containing product 24 hours before testing. Other than this you will be asked to follow your usual diet. A Lead Clinician in Pain Management & Consultant Anesthetist has reviewed this study and has given his support to its safety. 

There are no risks additional to those usually associated with performing exercise.  There is some discomfort initially felt with fingertip sampling for lactate, which on some adults can leave a small bruise. This bruise usually goes down after a day.  The procedures listed are routine procedures all regularly performed in the U.K.

What if you decide you want to withdraw from the project?

If, at any stage you wish to leave the project, then you can. There is no problem should you wish to stop taking part and it is entirely up to you. There will be no disadvantage to yourself should you wish to withdraw.

What will happen to the data and information collected?

Everyone that takes part in the study will receive their own results for the tests that they complete. All information and results collected will be held securely at the University of Exeter and will only be accessible to related University staff. The University will securely hold the data recorded for a five year period, after which it will be destroyed. Results of this project may be published, but any data included will in no way be linked to any specific participant. Your anonymity will be preserved.

What if I have any questions?

Questions are always welcome and you should feel free to ask myself (Lex Mauger) or Assoc. Prof. Craig Williams (Supervisor) any questions at anytime. See details below for specific contact details.

Should you want to participate in this study then please complete the attached consent form, which needs to be returned before beginning the study.

This project has been reviewed and approved by the Ethics Committee of the School of Sport and Health Sciences.

Many Thanks, 

Lex Mauger,





Assoc. Prof. Craig Williams

School of Sport and Health Sciences, 

Tel: (01392) 264890

Exeter University,

St. Luke’s Campus, 

Heavitree Road,

Exeter

Tel: 07921858381
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CONSENT FORM
TO BE COMPLETED BY PARTICIPANT

NAME:…………………………………………………(Participant)

I have read the Information Sheet concerning this project and understand what it is about. All my further questions have been answered to my satisfaction. I understand that I am free to request further information at any stage.

I know that:

- 
My participation in the project is entirely voluntary and I am free to 




withdraw from the project at any time without disadvantage or prejudice. 

- 
I will be required to attend 3 sessions to complete the project.

- 
As part of the study I will have to:


• Perform a progressive exercise test to exhaustion;

• Perform a two 10 mile cycling time trials (on separate days) that will involve heavy aerobic work;

• Take a standard dose of paracetamol prior to performing the time trials;

• Have the activity of the thigh muscles measured using surface 

electromyography via the placing of electrodes; 


• Have a total of 4 small pin pricks on my finger to obtain a small sample of blood

- 
I am aware of any risks that may be involved with the project.

- 
All information and data collected will be held securely at the University 




indefinitely. The results of the study may be published but my anonymity
will be preserved.

Signed:…………………………………… (Participant)
Date: ………………
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SSHS General Health Questionnaire

Your Name: …………………………………………………………………    

Your Date of Birth: …………………………………………………………

Male / Female (please circle)

Your Height: ……………

Your Weight: …………………                                                   
Your Address: ………………………………………………………………

                        ………………………………………………………………

                        ………………………………………………………………

Your Phone No.: …………………………………………………………………

Name of person responsible for study: …………………………………..

Please read the following carefully and answer as accurately as possible. The questions are designed solely to determine whether the proposed exercise is appropriate for you. Your answers will be treated as strictly confidential. If you have any doubts or difficulties with any of the questions please contact the person responsible for the study. 

	1. 
	Have you seen your doctor in the last 6 months?
	YES
	NO

	2. 
	Are you currently taking any prescription medications?
	YES
	NO

	3. 
	Has a doctor ever said you have heart trouble?
	YES
	NO

	4. 
	Do you ever feel chest pain when you undertake physical activity?
	YES
	NO

	5. 
	Do you ever feel faint or have spells of dizziness?
	YES
	NO

	6. 
	Do you experience unreasonable breathlessness?
	YES
	NO

	7. 
	Do you take heart medications?
	YES
	NO

	8. 
	Has a doctor ever said you have epilepsy?
	YES
	NO

	9. 
	Has a doctor ever said you have diabetes?
	YES
	NO

	10. 
	Has a doctor ever said you have asthma or other lung disease?
	YES
	NO

	11. 
	Do you have a bone, joint or muscular problem which may be aggravated by exercise?
	YES
	NO

	12. 
	Do you have any form of injury?
	YES
	NO

	13. 
	Has a doctor ever said you have high blood pressure?
	YES
	NO

	14. 
	Has a doctor ever said you have high cholesterol?
	YES
	NO

	15. 
	Do you have a close blood relative who had a heart attack or heart surgery before age 55 (father or brother) or age 65 (mother or sister)?
	YES
	NO

	16. 
	Do you smoke, or have you quit smoking in the last 6 months?
	YES
	NO

	17. 
	Do you get more than 30 minutes of physical activity on at least 3 days per week?
	YES
	NO

	18. 
	If you are female, are you pregnant?
	YES
	NO


I have completed the questionnaire to the best of my knowledge and any questions that I have raised have been answered to my full satisfaction.

Signed: ………………………………………………………..

Date: ……………………………
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Current Health Status Questionnaire for males up to 45 years of age and females up to 55 years of age

This form is to be used in conjunction with the SSHS General Health Questionnaire. It is to be completed in the laboratory prior to the commencement of the exercise test.

	
	
	YES
	NO

	1.
	Have you suffered from a viral illness in the last two weeks?
	
	

	2.
	Have you eaten within the last hour?
	
	

	3.
	Have you consumed alcohol within the last 24 hours?
	
	

	4.
	Have you performed exhaustive exercise within the last 48 hours?
	
	

	5.
	Is there anything to your knowledge that may prevent you from successfully completing the tests that have been outlined to you?
	
	


I have completed the questionnaire to the best of my knowledge and any questions that I have raised have been answered to my full satisfaction.

Signed: ……………………………………………………..

Date: …………………………..

APPENDIX B
IN-HOUSE CALIBRATION OF THE COMPUTRAINER
Purpose

To determine the reliability of PO measurement of the Computrainer system

Methods

A typical road bike was mounted on the Computrainer system and then warmed up and calibrated according to the manufacturer’s recommendations (see section 3.3.1). Following this, a Portable Calibrator (Portable Calibrator 2000, Lode BV, Groningen, Netherlands) was directly attached to the bicycle’s crank shaft. In stand-alone mode (used during the MIE test), the Computrainer was set to run at a range of PO (50-400 W). For each different PO test, six different gear ratios were used on the bicycle. The portable calibrator recorded the actual PO required to drive the crank. The average PO measured by the portable calibrator was averaged over ten seconds before changing gear ratio or Computrainer PO.

Results

Paired samples t-tests revealed no significant difference between the PO read by the portable calibrator and the Computrainer (see Figure I) at 50 W (t5 = -2.07, p = 0.09), 100 W (t5 = -1.43, p = 0.21), 150 W (t5 = -1.53, p = 0.19), 200 W (t5 = -1.31, p = 0.25), 250 W (t5 = -0.71, p = 0.51), 300 W (t5 = -0.44, p = 0.68), 350 W (t5 = -0.03, p = 0.98) and 400 W (t5 = 0.36, p = 0.74). Table I shows the percentage variance of the Computrainer from actual PO at each gear ratio and PO. 

Table I. The variation between the PO required to drive the bicycle’s crank (by the portable calibrator) and PO reading the Computrainer gave. Percentages are shown for a range of PO and gearing ratios on the bicycle. The difference in PO between the two systems were not found to be significantly different at any point (p > 0.05)
	
	Percentage variation in PO for each gear ratio

	Actual PO

(W)
	Gear ratio 39 × 25
	Gear ratio 39 × 16
	Gear ratio 39 × 11
	Gear ratio 53 × 25
	Gear ratio 53 × 16
	Gear ratio 53 × 11

	50
	8
	7
	34
	7
	16
	48

	100
	8
	6
	5
	5
	4
	8

	150
	7
	7
	5
	7
	3
	4

	200
	7
	7
	4
	7
	3
	2

	250
	11
	6
	4
	5
	4
	2

	300
	14
	6
	4
	4
	4
	2

	350
	16
	4
	5
	1
	4
	3

	400
	18
	0
	5
	4
	5
	3


Discussion

As the Computrainer did not significantly vary in PO measurement from the portable calibrator, the Computrainer appears to be an accurate and reliable cycle ergometer. This is in accordance with previous literature (Cane et al., 1996; Davison et al., 2006; McGregor and Rivera., 2005; Rivera and McGregor., 2005). Differences in PO were more marked with lower PO (< 150 W) and with ‘easier’ gear ratios (< 53 × 16). However, during shorter duration TT (< 30 min), well-trained cyclists will generally not come out of the 53 ring and will usually stay in the 16 × 11 rear ring sprockets. Furthermore, they will usually be working at intensities above 200 W. It is at these gear ratios and PO that the Computrainer appears to be more accurate (see Figure I) as PO variation was never above 5 %.

Conclusion

The Computrainer provides an accurate and reliable measure of PO when calibrated correctly, especially in harder gear ratios and at higher PO.
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Figure I. Difference PO readings between the portable calibrator and the Computrainer for the more frequently used gear ratios in shorter distance, flat road time trials. 

APPENDIX C

EXAMPLE OF PARACETAMOL RISK ASSESSMENT QUESTIONNAIRE AND PERCEIVED PAIN SCALE
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Paracetamol Risk Assessment Questionnaire

Name:…………………………………………………………………...

Date of Birth:……………………………………………………………

Height:…………………………………………………………………..

Weight:…………………………………………………………………..

Please read the following carefully and answer as accurately as possible. The questions are designed solely to determine whether the proposed protocol is safe for you. Your answers will be treated as strictly confidential. If you have any doubts or difficulties with any of the questions please contact the person responsible for the study.

1.
Do you have any allergies to paracetamol?



Yes / No

2. Do you regularly take paracetamol, ibuprofen or asprin for more 

than 3 days at a time, within a usual week?



Yes / No

3. Do you have, or have a history of, impaired liver or kidney 

function?







Yes / No

4. Are you currently taking any other paracetamol containing drugs 

(over-the-counter or prescription)?




Yes / No

5.
Do you have, or have a history of, stomach ulcers?


Yes / No

6.
Do you consume more than 30 units of alcohol a week?

Yes / No

7. Is there any issue not raised that may mean that it is not safe for

you to take paracetamol? Please state below.  


Yes / No

……………………………………………………………………

……………………………………………………………………

I have completed the questionnaire to the best of my knowledge and any questions that I have raised have been answered to my full satisfaction.

Signed:……………………………………….
Date:…………………..
Pain Intensity Scale

0 No pain at all

½
Very faint pain

1 Weak pain

2 Mild pain

3 Moderate pain

4 Somewhat strong pain

5 Strong pain

6 Very strong pain

7 Extremely intense pain (almost unbearable)

•

Unbearable pain
Cook et al., (1997)
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REFEREED ABSTRACTS AND PUBLISHED PAPERS

Variation on the Retention of a Pacing Strategy. Oral presentation at the annual congress of European College of Sports Science, Oslo, Norway. 24-27th June 2009.

A.R. Mauger, A.M. Jones and C.A. Williams

School of Sport and Health Sciences, University of Exeter, UK
Background: In competitions where time to completion is the measure of success, pacing strategy exerts an important influence on performance. The Theory of Teleoanticipation and the Central Governor Model, proposes that a pacing strategy is set in a feedforward manner, based on distance or duration, prior to the onset of an exercise bout. Prior experience of an exercise bout allows the construction of a pacing schema, which is utilised for subsequent, similar bouts of exercise. During exercise, distance or time remaining is judged by an ‘internal clock’ that is located in the brain. It is proposed that this timing mechanism works in a scalar fashion, using relative rather than absolute quantities. Despite the apparent importance of the scalar clock to the maintenance of a pacing strategy, knowledge in this area is presently limited. 

Aims: To establish whether the introduction of an exercise bout of different distance, in the absence of distance feedback, would affect the retention of the pacing schema stored from a prior exercise bout. Furthermore, to identify whether the internal clock has an ability to calibrate to absolute distance, and whether this mechanism is disrupted by an exercise requiring a different pacing strategy.

Methods: Sixteen highly-trained male cyclists were randomly split into a control (CON) or experimental group (EXP) and completed four time trials (TT) of two different distances (2x4 km and 2x6 km) in varying orders, separated by 17 minutes. The participants in the CON group completed both distances in a sequential order (i.e. half performed 4 km, 4 km, 6 km, 6 km, and the other half performed 6 km, 6 km, 4 km, 4 km). The EXP group completed both distances in a variable order (i.e. half performed 4 km, 6 km, 4 km, 6 km, and the other half performed 6 km, 4 km, 6 km, 4 km). During each TT, power output, VO2 and heart rate were recorded. Participants in both groups were asked to call out their RPE for every km they thought they had completed. 

Results: No significant differences were found between or within groups for completion time or PO (p > 0.05). The CON group showed a significant improvement in their estimation of distance completed in both the 4 km (24.6 ± 18.2 % vs. 8.2 ± 5.5 %) and 6 km (15.2 ± 7 % vs. 8.6 ± 3 %) distances (t7 = 2.791, t7 = 3.118, p < 0.05). No significant differences in distance estimation were observed in the EXP for either of the TT distances (p > 0.05).

Conclusion: The primary finding of this study is that participants who did not receive an exercise interruption displayed a significant improvement in their judgement of distance completed, despite no improvement in completion time. This suggests that a learned pacing schema is robust and not negatively affected by subsequent pacing variation and can be retrieved when required. The internal clock shows an ability to be calibrated to absolute distance, although this does not improve performance. 
Influence of Feedback and Prior Experience on Pacing during a 4-km Cycle Time Trial . Oral presentation at the annual congress of European College of Sports Science, Estoril, Portugal. 9-12th  July 2008.

Background: The Central Governor Model, based on Ulmer’s theory of teleoanticipation, is proposed to work as a safety mechanism for the body, acting through a system of central control. The brain uses a combination of prior experience and distance knowledge to work in a feedforward manner, so that a pacing strategy is set before exercise commences which ensures the bout is completed in the most efficient manner. Afferent feedback from the periphery constantly allows the central governor to make changes to this pacing strategy based on events in the periphery. Despite the apparent importance of distance knowledge and prior experience, little research has been completed in this area.

Aims: To determine the importance of distance knowledge, distance feedback and prior experience on the setting and maintenance of a pacing strategy. 

Methods: Eighteen well trained male cyclists were randomly split into a control group (CON) and experimental group (EXP) and performed four consecutive 4-km time trial (TT) intervals, each separated by 17 minutes. The CON group had distance knowledge and received distance feedback throughout each time trial, whereas the EXP group received neither, but knew that each time trial was of the same distance. During each time trial power output, mean and peak speed, VO2, heart rate and iEMG of the vastus lateralis (VL) was recorded. 

Results: The EXP group were significantly slower than the CON group to complete TT1 (P< 0.05). From TT2 onwards no significant differences existed between groups for time to completion, but differences between groups reduced after each TT until by TT4 few differences existed (CON TT1 367.4 ± 21 s; EXP TT1 409.4 ± 45.5 s; CON TT2 373.8 ± 19.7 s; EXP TT2 389.7 ± 30.2 s; CON TT3 375.1 ± 18 s; EXP TT3 383.7 ± 26.2 s; CON TT4 373.9 ± 20 s; EXP TT4 373.8 ± 14.4 s). Mean speed and mean power output showed a similar profile, but peak power output was significantly different between groups for TT1, TT3 and TT4 (p < 0.05). Power output tracked changes in iEMG during each TT in the CON and for TT3 and TT4 in the EXP, but such a relationship was not apparent during TT1 and TT2 in the EXP. 

Conclusion: The progressively improving times for completion over TT’s in the EXP shows that distance feedback is not essential in achieving optimum TT times. Prior experience of an unknown distance appears to allow the creation of an internal or relative distance that is used to create a pacing strategy. When sufficient prior experience is attained in the absence of distance knowledge and feedback, the pacing strategy created on the basis of this internal, relative distance appears to be as successful as when distance knowledge and feedback are available.
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