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Abstract  

Literature suggests that the regulation of exercise intensity and perceived exertion during self-paced 

exercise is a continuous process mediated by the central nervous system (CNS) involving the 

interpretation of afferent feedback and distributing efferent drive accordingly. While this concept is 

being examined, research is yet to explore if changes in self-paced exercise are preceded by changes 

within the CNS by exploring electroencephalography (EEG) and near-infrared spectroscopy (NIRS) 

simultaneously. Therefore, the aims of the current thesis are to i) examine the manipulation of exercise 

expectations and distance perception and ii) examine the manipulation of physiology, on 

neurophysiological and electromyography activity, perceived exertion and pacing strategies during self-

paced endurance exercise. 

 

The first study in this thesis examined the withholding versus providing distance feedback on 

perception, muscular activation and cerebral activity during cycling time trials (TT). For this study, nine 

well-trained male cyclists completed a 30 km TT with the provision of performance information and 

distance feedback (known; KTT), and a 30 km TT without performance information and remaining 

distance (unknown; UTT). To examine activity of the CNS, prefrontal cortex (PFC) oxy (O2Hb) and 

deoxyhaemoglobin (HHb) concentration and electroencephalography (EEG) alpha (α) wavelengths 

across the parietal lobe (PL) and motor cortex (MC) were measured continuously. In addition, surface 

electromyography (EMG) of the right thigh, heart rate (HR), rating of perceived exertion (RPE) and 

power output (PO) were also monitored throughout the TTs. Results showed that time to complete was 

shorter for the KTT compared to UTT (51.04 ± 3.26 vs 49.25 ± 3.57 min, P≤ 0.01). There were no 

differences evident for RPE between conditions (P> 0.50), however, during the final 2km, the KTT 

presented higher PO (P≤ 0.05), HR (P≤ 0.03) and MC and PL EEG α activity (d= 0.51 - 0.71). In 

addition, there was increased tissue haemoglobin index (nTHI) and oxygen extraction (HHb) (d= 0.55 

- 0.65) compared to the UTT. These findings suggest that when withholding information pertaining to 

remaining distance, performance was reduced due to the application of a conservative pacing strategy, 

and absence of an end-spurt in power output. In addition, the increase in HHb across the PFC was 
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strongly correlated with PO (r= 0.790; P≤ 0.001) suggesting that knowledge about remaining distance 

may increase activation across the PFC, suggesting that the PFC may play a role in the regulation of 

cycling performance. 

 

The second study in this thesis examined the effect of deception of cycling distance on pacing strategies, 

PFC O2Hb and HHb concentrations and alpha wave activity. 10 well-trained male cyclists (23.7 ± 6.6y) 

completed three cycling TTs on a stationary air-braked cycle ergometer and were informed the study 

was to examine the reliability of 3 x 30km TT. Participants completed three cycling distances (24, 30 

and 36 km) in a randomised order, however, they were informed that each trial was 30 km distance 

though were provided with no feedback pertaining to distance completed or remaining, absolute or 

relative, though were provided with HR feedback throughout each trial. Performance (PO), 

physiological (HR), perceptual (RPE) and neurological (O2Hb, HHb and α activity) measures were 

recorded throughout each TT. For analysis, data were converted to a percentage relative to the total 

distance covered. The results showed that upon completion, HR and PO was lower during the 36 km 

trial compared to the 30 km trial (P≤ 0.01). Further, compared to the 24km trial, α activity were reduced 

at 100 % (effect size; ES= 1.01), while O2Hb was greater at 70 % of completion during the 36 km trial 

(ES= 1.39). RPE was also higher for 36 km trial compared to 30 km trial at 80 % and compared to the 

24 km trial at 10 % and 40 – 100 % (P≤ 0.02). It was concluded that the increase in O2Hb and RPE 

during the 36 km trial while there was a reduction in HR and PO, indicated that the PFC may have 

contributed to the continuous regulation of exercise performance, particularly when athletes are 

deceived of the duration endpoint. It may be likely that RPE was increased to reduce premature onset 

of physiological strain. 

 

The third study in this thesis examined the effect of anticipation of receiving and withholding of fluid 

on pacing strategies, physiological, perceptual responses and neurophysiological responses during a 45 

min cycling TT in a dehydrated state. For this study, ten (10) Masters cyclists (VO2peak: 51.4 ± 12.8 

ml.kg.min-1) completed an identical 80 min exercise-induced dehydration protocol followed by 60 min 
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recovery and a 45min TT in hot conditions (34 ± 2 °C). Three conditions were randomly assigned during 

the TTs, which included 1) information at 15 min of impending fluid at 30min (FL), 2) information at 

15min of no fluid and no fluid provided (NF), 3) no information about fluid but received fluid at 30min 

(NIF). HR, core temperature (Tc), RPE, thermal sensation and thirst were recorded every 5min. EEG of 

the PFC, MC and PL were assessed concurrently with NIRS of the PFC throughout the respective TTs. 

Evoked maximal voluntary contractions (MVC) were also completed at pre and post-TT for assessment 

of maximal voluntary torque and twitch contractile properties. Results showed that during the NIF 

condition, HR increased from 10-35min (P≤ 0.05), and Tc increased from 5 – 40 min (P≤ 0.05). While 

during the FL condition, thirst was reduced (P≤ 0.05) as PO (d> 0.60), MC and PL activity (d> 0.50) 

increased following the allocation of fluid. However, there was no differences between conditions for 

RPE from 30 – 45 min (P≥ 0.05) or for MVC post-TT (P≥ 0.73). Based on these findings, it was reported 

that during exercise in a dehydrated state, the anticipation of receiving fluid and thirst sensations appear 

to influence PO independent of RPE. Furthermore, restricting information about pending fluid 

allocation appeared to be more detrimental to performance than being informed of receiving no fluid.  

 

The fourth and final study in this thesis examined the effect of ibuprofen on pacing strategies, neural 

responses and EMG during a 60 min intermittent self-paced cycling TT, and neuromuscular responses 

following 6 h recovery. For this study, 13 male (n=8) and female (n=5) recreational cyclists (VO2peak: 

51.7 ± 11.5 ml·kg·min-1) completed two identical 60 min TT including 30 s maximal sprints every 10 

min, with random double-blind allocation of 200 mg ibuprofen (NSAID) or a placebo (PLA) prior to 

the TT. Plasma cytokines, including interleukin (IL)-6, soluble glycoprotein-130 and tumour necrosis 

factor alpha (TNFα) were measured at pre, during and post TT. Pain-pressure threshold (PPT) and 

neuromuscular assessments were completed pre, post and 6 h post-TT. Further, O2Hb and HHb 

concentrations of the PFC were continuously examined via NIRS and EMG was recorded from the 

quadriceps and biceps femoris (BF). This study reported that IL-6 and TNFα was higher for PLA 

compared to NSAID at all time points (P≤ 0.01). There were no differences between conditions for 

distance covered (NSAID: 26.5 ± 2.9 km, PLA: 26.1 ± 3.6 km; P≥ 0.318), however, PO was higher for 

the NSAID condition 2.5 min prior to each sprint compared to the PLA condition (P≤ 0.05). Within the 
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NSAID condition, BF activity was higher at 12.5 – 30 min and there was a moderate effect of condition 

at 37.5 – 45 and 55 min. Finally, for the NSAID condition, HHb concentration was higher during the 

TT (d= 0.50 - 1.06) and PPT was higher post-exercise (d= 0.61). These findings suggest that blunting 

the inflammatory response with ibuprofen, altered the physiological state to allow the submaximal 

efforts immediately before each sprint to be maintained, however this didn’t effect overall performance. 

Further, the higher PO appeared to be supported by an increase in co-contraction from the antagonist 

and a greater rate of oxygen perfusion across the PFC. 

 

Collectively, the findings from these four studies support the central regulation of exercise performance. 

By manipulating afferent feedback during self-paced exercise, including remaining duration, 

knowledge of remaining duration, and physiological state, exercise intensity appeared to be altered 

accordingly. This is in accordance with the central governor model of fatigue as when centrally-acting 

performance modifiers were manipulated exercise intensity may have been continuously moderated 

throughout the exercise bout based on endogenous afferent feedback and teleoanticipatory calculations 

for remaining duration (St Clair Gibson & Noakes, 2004). Furthermore, the change in exercise intensity 

coincided with changes at the prefrontal cortex, and at the working musculature. Specifically, 

examination of neurophysiological activity across the prefrontal cortex and motor cortex suggests that 

exercise may be continually regulated utilising a top-down process where the PFC may interpret 

ascending sensory feedback from the periphery with remaining duration of exercise and guiding neural 

drive from the motor cortex to alter the pacing strategy. When the exercise endpoint is known and is 

accurate, exercise behaviour seems to be modified by an increase in drive from the CNS to the active 

muscle, which may in turn increase the power output for a sprint to the finish or ‘end-spurt’. 

Furthermore, the studies in this thesis have reported that RPE may have been mediated by a change in 

physiological state to regulate exercise intensity, thus alter the pacing profile, to remain within 

homeostatic constraints. Specifically, these studies have shown that when deceived of exercise 

expectations or when physiological state was altered, RPE was not different in spite of substantial 

differences in work output. Therefore, it appears that RPE may be in response to accumulating 
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physiological stress, remaining exercise duration, and deviation from physiologic homeostatic 

boundaries. 
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1.1 Overview  

Self-paced endurance exercise is the outcome of a remarkable complex interaction between the 

periphery and the central nervous system (CNS) facilitating optimal performance outcomes. The 

foundation of this relationship is to integrate physiological systems and minimise physiological harm 

(Noakes, 2011). The regulation of endurance exercise is a continuous strategic process of altering 

exercise intensity from initiation of an exercise event to the point of completion, and this regulation is 

appropriately termed as a pacing strategy (Abbiss & Laursen, 2008; Lambert, Gibson, & Noakes, 2005). 

The mechanisms through which the CNS may regulate pacing strategies are suggested to occur based 

on afferent endogenous and exogenous feedback, where the brain may then interpret and adjust activity 

of skeletal muscle accordingly (Roelands, de Koning, Foster, Hettinga, & Meeusen, 2013; Ulmer, 

1996). Further, exercise intensity may also be altered throughout competitive cycling events based on 

situational conditions (Micklewright, Kegerreis, Raglin & Hettinga, 2016) including athlete-

environment influences, knowledge of competitors and tactical pacing (Hulleman, De Koning, Hettinga 

& Foster, 2007). In addition to information about the cellular state, it is understood that decisions for 

the pacing strategy may be set prior to an exercise bout based on previous experience (Mauger, Jones, 

& Williams, 2009; Roelands et al., 2013), and altered in anticipation of the exercise endpoint, 

understood as the teleoanticpatory regulation of exercise (Hamilton & Behm, 2017; Radel, Brisswalter, 

& Perrey, 2017; St Clair Gibson & Noakes, 2004; Ulmer, 1996). The fluctuation of exercise intensity 

around the exercise endpoint is suggested to, at least in part, be reflected by changes in physiological 

responses, and may be further modified based on subjective ratings of perceived exertion (RPE) (Tucker 

& Noakes, 2009). 

 

According to expectations for a proceeding exercise bout, the pacing strategy may often reflect a 

predetermined template of effort based on previous experience, and readjusted throughout according to 

endogenous feedback and exercise endpoint (Paterson & Marino, 2004). This notion is supported by 

studies which have manipulated key exercise variables to deceive athletes of performance expectations 

(Taylor & Smith, 2017; Williams et al., 2014). Specifically, if athletes are blinded to the true exercise 
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expectations, the pacing strategy may reflect an effort template set from previous experiences (Paterson 

& Marino, 2004), however, intensity may be lower as a result of the unknown circumstances (Mauger 

et al., 2009; Williams et al., 2014). For example, when receiving no information about exercise duration, 

power output has been reported to be lower than 60 % of peak power output compared to a trial with 

known exercise duration, in spite of an apparent maximal effort (Maugher et al., 2009). Alternatively, 

if the exercise endpoint is unexpectedly extended, the preconceived exercise template will be 

interrupted, and may translate into a down-regulation of exercise intensity once the predetermined 

criteria have been achieved (Lambert et al., 2005; Paterson & Marino, 2004). It is suggested that the 

disparity between exercise expectations and the true exercise duration may impede on the anticipated 

workload based on previous experience, and result in a greater RPE for a lower power output (Paterson 

& Marino, 2004). As such, if an unknown, or unexpected change in exercise expectation occurs, 

performance may be compromised as the teleoanticpatory action of the CNS will not have set 

appropriate distribution of metabolic resources and pacing strategies for the exercise event (Jones et al., 

2013).  

 

As the interpretation of endogenous physiological responses is known to contribute to the complex 

integration of systems to maintain homeostasis, physiological perturbations may also govern changes 

in exercise intensity (Noakes, 2011). As such, manipulating the physiological state during self-paced 

exercise may provide supporting evidence for role of the CNS in exercise regulation. Specifically, 

exercise-induced hyperthermia and dehydration are associated with exacerbated physiological and 

perceptual strain, which may alter feedback to the CNS (Sawka, Cheuvront, & Kenefick, 2015), and in 

turn adjust motor drive to facilitate a down-regulation of exercise intensity (Swart, Lindsay, Lambert, 

Brown, & Noakes, 2012). For example, power output and electromyographic (EMG) activity are 

reported to decline faster during self-paced exercise in the heat compared to thermoneutral conditions 

(Tucker, Rauch, Harley & Noakes, 2004). This adjustment to the pacing strategy (i.e. reduced power 

output) may also coincide with increasing thirst sensations to support the increase in physiological strain 

and to maintain fluid balance (Cheung et al., 2015). Moreover, strenuous exercise will stimulate the 

release of noxious inflammatory chemicals known to trigger the sensation of pain at the periphery 
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(O'connor & Cook, 1999). Pain sensations are propagated by the CNS, which may alter exercise 

intensity to hinder the release of inflammatory chemicals at the periphery (Glass, Saijo, Winner, 

Marchetto, & Gage, 2010). During periods of significant physiological stress, sensory feedback 

provided to the CNS may modulate the sensations of pain experienced by an athlete (Swart et al., 2012), 

and may facilitate the successive reduction in exercise intensity, thus regulation of pacing strategies. 

 

As the complex integration of systems for exercise regulation suggests the CNS may interpret stimuli 

during an endurance event and adjust exercise intensity accordingly, there is a limited number of studies 

which have examined changing exercise circumstances, and if they may be reflected by changes in 

neural activity within the CNS. Research about exercise and concurrent neurophysiological activity is 

emerging due to the development of new technologies and improved access to equipment, with 

particular reference to electroencephalogram (EEG) (Bailey, Hall, Folger, & Miller, 2008; Brümmer, 

Schneider, Strüder, & Askew, 2011; Enders et al., 2016; Hilty, Langer, Pascual-Marqui, Boutellier, & 

Lutz, 2011; Robertson & Marino, 2015) and near-infrared spectroscopy (NIRS) (Billaut, Davis, Smith, 

Marino, & Noakes, 2010; Bourdillon & Perrey, 2012; Perrey, 2008). This research suggests the 

predetermined template for pacing strategies is followed based on executive movement instruction 

developed within the prefrontal cortex (PFC), based on physiological strain and previous experience 

(Radel et al., 2017; Robertson & Marino, 2016), which may then communicate with the motor cortex 

about the distribution of motor drive (Leff et al., 2011; Tanaka & Watanabe, 2012). However, this 

evidence is primarily limited to externally-paced exercise to exhaustion (Ekkekakis, 2009; Rupp & 

Perrey, 2008; Subudhi, Dimmen, & Roach, 2007; Subudhi, Miramon, Granger, & Roach, 2009). Given 

that alterations to the pacing strategy may occur in anticipatory manner to minimise physiological 

perturbations (Tucker & Noakes, 2009), research to determine if the changes in pacing strategies may 

be preceded by alterations in neural activity, specifically within prefrontal and motor cortices, is 

relatively sparse. Furthermore, as RPE may be related to discrepancy concerning the anticipated 

workload (Paterson & Marino, 2004), the verbalisation of RPE may also be the response mediated by 

the brain inferring remaining duration, sensory feedback and current metabolic status (St Clair Gibson 

et al., 2003). The combination of the aforementioned neurophysiology examination techniques, 
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combined with EMG as a measure of muscle activation, will provide more insight into the mechanisms 

that may underpin the anticipatory regulation of exercise performance and perceived exertion, and how 

the brain may contribute to adjustments in exercise intensity according to expectations.  

 

As such, this thesis will aim to shed further light on the mechanisms that may be attributed to the 

regulation of exercise intensity when athletes are misled of the true expectations for the exercise bout. 

In addition, this thesis will examine the manipulation of physiology, specifically hydration status, fluid 

availability and inflammatory state, on the regulation of pacing strategies. The studies in this thesis will 

aim to provide a foundation to compare neural activity with changes in skeletal muscle activation, 

pacing strategies and subjective responses during self-paced exercise. Specifically, these studies will 

examine neurophysiological responses to self-paced exercise to determine if the regulation of exercise 

intensity and manipulation of pacing strategies may be preceded by a change in neural activity within 

the central nervous system, and further determine if RPE may integrate a prediction of the 

expected/impending workload.  

1.2 Exercise Regulation and Central Fatigue  

Central fatigue is defined as a progressive reduction in force attributed to a decline in motor drive 

(Abbiss & Laursen, 2005; Thomas et al., 2015), thus related to changes which occur proximal to the 

neuromuscular junction (Taylor & Gandevia, 2008). Current research purports that motor drive from 

the CNS during self-paced exercise is continually regulated in a teleoanticipatory manner throughout 

the duration of an exercise bout for the efficient distribution of metabolic resources (Marino, 2004; 

Nybo & Nielsen, 2001a; Périard, Caillaud, & Thompson, 2011; Ulmer, 1996). This regulatory 

behaviour may occur in an anticipatory manner, entailing afferent feedback and adaptive feedforward 

drive (Micklewright, Papadopoulou, Swart, & Noakes, 2010; Swart et al., 2012) with continuous 

adjustments to metabolic energy expenditure (Noakes, 2011; Shei, Thompson, Chapman, Raglin, & 

Mickleborough, 2016; Ulmer, 1996). In addition to the teleoanticipatory components that may play a 

role in regulating exercise intensity, there is also evidence to suggest that pacing strategies during 
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competition may also be altered by situational circumstances and involve tactical decision-making 

processes (Micklewright et al, 2016).  

 

The central governor model (CGM) proposes that the brain is at the centre of exercise regulation as 

physical activity begins with distribution of motor drive to activate motor units, and continually altered 

by a multitude of factors, including, physiological feedback and exercise endpoint (Noakes, 2011; 

Noakes, 2012). Human-environment interactions also appear to influence the regulation of pacing 

strategies and may influence the decision-making ability of an athlete during competitive sporting 

events (Konings & Hettinga, 2018). The continuous regulation of motor unit activity in response to 

physiological perturbations has led researchers to believe that despite an athletes perceived maximal 

effort, they may be competing with some metabolic or peripheral reserve capacity (Shei et al., 2016; 

Stone et al., 2017). In relation to this model, RPE is reported as the subjective response to the sensation 

of fatigue, which typically increase linearly until a peak upon termination of the exercise bout (Tucker, 

2009). As such, RPE is considered as the conscious response to aggregated afferent feedback in relation 

to disturbances in homeostasis (Abbiss, Peiffer, Meeusen, & Skorski, 2015) and remaining duration (St 

Clair Gibson et al., 2003), and therefore may play a critical role in exercise regulation (Swart et al., 

2012). This notion has been supported by several studies that have examined EEG and NIRS and 

reported the central nervous system, and specifically the prefrontal cortex (PFC),  may be associated 

with increases in RPE (Williams et al., 2016), however these studies are limited to examination of 

externally-paced exercise trials (Mekari et al., 2015; Rupp & Perrey, 2008; Shibuya et al., 2009). 

Nonetheless, these studies do consider that the PFC may be responsible for conscious decision making 

and behavioural processes related to pacing and readjustment of RPE (Hilty et al., 2011; Robertson & 

Marino, 2016). RPE is also considered to be a response to efferent motor command during exercise, 

where a high RPE may compensate for the negative effects of high motor command and may be purely 

be a reflection of exercise ‘effort’ (Pageaux, 2014). Combined, these theories suggest that the 

subconscious mind may play a role in exercise regulation and determine exercise intensity based on 

afferent feedback, where environmental circumstances are controlled. However, the conscious 

component of exercise regulation is suggested to involve complex tactical decision-making (Konings 
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& Hettinga, 2018) and may adjust pace based on the conscious perception of fatigue, pain and other 

sensory stimulants (Edwards & Polman, 2013; Micklewright et al., 2016). Therefore, understanding the 

mechanisms attributed to the regulation of exercise performance could serve as a catalyst to gain 

knowledge about behavioural responses to internal and external stimuli during exercise, particularly in 

relation to perceived exertion. Specifically, given the proposed role of the brain in exercise regulation 

and termination (Hilty et al., 2011; Nybo & Nielsen, 2001b; Robertson & Marino, 2016), more 

neurophysiological evidence is required from the prefrontal and motor cortices to further understand 

this theory in relation to executive function, movement planning and neural communication about motor 

drive during self-paced activities.  

1.3 Knowledge and Deception of Endpoint  

While changes in exercise intensity during self-paced exercise are suggested be regulated in anticipation 

of the exercise endpoint (Lambert et al., 2005), if exercise endpoint is not available, athletes may 

determine a pacing strategy based on previous experience, perceptual strain and the interpretation of 

afferent physiological feedback (Williams et al., 2014). Based on the information provided to an athlete, 

it is suggested that an effort template, and thus the pacing strategy, will be developed prior to an event 

based on similar previous experiences (Micklewright et al., 2010; Paterson & Marino, 2004; Taylor & 

Smith, 2017; Tucker, 2009). However, during an endurance event when circumstances and exercise 

endpoint are unknown, pacing strategies will follow more of a conservative ‘economical’ approach, 

including a lower power output, to retain physiological resources in anticipation of the unknown 

exercise duration (Williams et al., 2014). Further, if exercise endpoint is manipulated (i.e. deception), 

it is thought that exercise intensity will be reduced once the deception exceeds the expectation, as the 

predetermined effort template for exercise output will not have been set appropriately (St Clair Gibson 

et al., 2006).  

 

If information pertaining to remaining duration is withheld, or if deception of exercise endpoint occurs, 

the down-regulation in power output may be the result of a subconscious adjustment to neural 
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command, thus down-regulating muscle activation (Marino, 2014). Subconscious monitoring of 

physiological state and environment may take place within regions of the brain that constitute the central 

executive network (CEN), including the prefrontal, frontal and parietal cortices (Carter, Botvinick, & 

Cohen, 1999; Craig, 2002; Radel et al., 2017). These are suggested to be important for planning of 

actions (Paulus & Stein, 2006), and may also play a role in the regulation of motor drive distribution 

(Tanaka & Watanabe, 2012). While experiencing exercise-induced physiological strain, it is suggested 

that an increase in fatigue-related neural communication may occur, including the actions of the CEN, 

which may facilitate a decline in motor drive to the active musculature (Craig, 2003; Hilty et al., 2011; 

Paulus & Stein, 2006). Given the unknown circumstances during strenuous physical activity without an 

endpoint, or when exercise duration is longer than expected, homeostasis may be endangered (St Clair 

Gibson et al., 2006; Swart et al., 2012), therefore, drive from the motor cortex may be inhibited to 

facilitate an increase in fatigue-related neural communication (Hilty et al., 2011).  

1.4 Dehydration  

Hyperthermia and dehydration are known to reduce exercise intensity (Edwards & Noakes, 2009; 

Roelands et al., 2013; Sawka & Noakes, 2007). It is thought that high thermal strain, induced by 

elevated core temperature (Ely et al., 2009) and high sweat rates (Sawka et al., 2015), contributes to a 

down-regulation in intensity as the CNS will prioritise maintaining cellular homeostasis over 

performance (Cheung, McLellan, & Tenaglia, 2000; González-Alonso, Crandall, & Johnson, 2008; 

Logan‐Sprenger, Heigenhauser, Jones, & Spriet, 2015; Nybo & Nielsen, 2001a). In the context of 

hyperthermia and dehydration, maintenance of thermoregulatory and fluid balance homeostasis, may 

occur in an anticipatory manner to offset deficits in cellular fluid compartments (Zimmerman, Leib, & 

Knight, 2017), and is regulated by the sensation of thirst, governed by the CNS (Bichet, 2018; Gizowski 

& Bourque, 2018; Nybo & Nielsen, 2001b). Specifically, thirst sensations, and successive consumption 

of fluid, are orchestrated in response to deviation from the set-point of plasma osmolality (Bichet, 2018; 

Craig, 2002). Thermoreceptors and osmoreceptors inform the CEN about increases in core temperature 

and cellular osmolality, where adjustments in exercise intensity may occur if no fluids are available 



Chapter 1- Introduction  

9 
 

(Périard, Caillaud, et al., 2011; Schlader, Gagnon, Rivas, Convertino, & Crandall; 2015; St Clair Gibson 

et al., 2006). However, when fluids are available, drinking ad libitum during cycling events in the heat 

has shown to increase endurance capacity as fluid consumption will reduce the rate of rise in core 

temperature (Kay & Marino, 2000; McCartney, Desbrow, & Irwin, 2017; Tucker, Marle, Lambert, & 

Noakes, 2006), improve sweat rate, and delay cardiovascular drift (Hamilton, Gonzalez-Alonso, 

Montain, & Coyle, 1991), thereby improving heat dissipation (Kay & Marino, 2000). However, the 

reported improvements in endurance capacity are limited to observing performance behaviours 

(Marino, Cannon, & Kay, 2010), physiological responses (Logan‐Sprenger et al., 2015) and perceptual 

strain (Schlader et al., 2015). Given that thirst occurs in an anticipatory manner (Gizowski, Zaelzer, & 

Bourque, 2016), and is mediated by the CNS (Saker et al., 2014), it could be possible that the 

anticipation of receiving water may also contribute to improvements in exercise capacity in a 

dehydrated state. Further, as the act of drinking fluids is known to instantaneously relieve thirst 

sensations (Mandelblat-Cerf et al., 2017), it could be likely that the benefits of consuming fluids ad 

libitum when dehydrated may not be related to augmenting physiological responses, though may stem 

from alleviating the sensation of thirst, however, this concept remains to be examined in detail.  

1.5 Inflammatory Response  

Acute trauma to skeletal muscle as a result of repeated eccentric contractions will initiate a sequence of 

events that consequentially lead to an acute inflammatory response (Amann, Proctor, Sebranek, 

Pegelow, & Dempsey, 2009; Da Silva, Pinto, Cadore, & Kruel, 2015; Place, Lepers, Deley, & Millet, 

2004). Initiation of the inflammatory response during strenuous physical activity is thought to contribute 

to pain at the muscle by sensitising peripheral nociceptors (O'connor & Cook, 1999) and relay signals 

to the CNS about the inflammation at the muscle (Vargas & Marino, 2014). In turn, the combination of 

pain sensations and the centrally-mediated response to the release of inflammatory by-products 

(O'connor & Cook, 1999) is thought to play a role in the regulation of exercise performance and 

contribute to the complex integration of systems in exercise fatigue (St Clair Gibson et al., 2006; Vargas 

& Marino, 2014).  
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Upon exercise commencement, interleukin (IL)-6 is released in a dose-response manner with exercise 

intensity, and is a key mediator of acute inflammation (Andratsch et al., 2009; Fischer, 2006). High 

concentrations of circulating plasma IL-6 are implicated to play a role in exercise regulation by signal 

propagation from the periphery to the CNS through glycoprotein (gp)-130 (Askevold et al., 2014). 

Specifically, IL-6 is the pain promoting cytokine, which when bound to soluble IL-6 receptor (sIL-6R) 

can activate the signal transducer gp-130 expressed on sensory nerves (Andratsch et al., 2009).  It has 

been hypothesized that activation of gp-130 is critical in the sensitisation of peripheral nociceptors 

(Andratsch et al., 2009), including primary afferents III and IV, linked with afferent feedback to the 

CNS during exercise (Craig, 2003). Therefore, it seems likely that the reception of IL-6 mediated 

afferent feedback during physical activity may be related to central fatigue, where a reduction in 

exercise intensity may be related to the neuroinflammatory response (Vargas & Marino, 2014) and 

sensation of pain at the muscle (de Souza et al., 2018). Non-steroidal anti-inflammatory drugs 

(NSAIDs) mediate the inflammatory response (Almekinders, 1999) by blunting production of 

prostaglandin to inhibit release of IL-6 (Cashman, 1996). Consuming over-the-counter NSAIDs is 

popular in athletic communities as theoretical outcomes, including a reduction in muscle soreness, may 

provide performance enhancing benefits. It is hypothesised that blunting the IL-6 response may reduce 

nociceptive sensitisation at the periphery (Cashman, 1996), and inhibit signalling to the CNS about the 

influx of noxious chemicals at the periphery (Glass et al., 2010). The reduction in pain at the muscle 

may elicit greater anaerobic performance (de Souza et al., 2018), though improvements in endurance 

exercise remain controversial (Lanier, 2003; Nieman et al., 2006). It could be likely that the lower pain 

perception following NSAID ingestion may elicit greater power output, which may emanate from 

reduced nociceptive signalling to the CNS; however, the CNS, and activity of the CEN during self-

paced exercise where the inflammatory response has been blunted has not yet been examined.  
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1.6 Summary 

Exercise intensity and efferent command are suggested to be regulated by the CNS, where afferent 

feedback is integrated by the brain, and the teleoanticpatory functions may then adjust power output 

and metabolic resource distribution (St Clair Gibson et al., 2006). Therefore, manipulating centrally-

acting performance modifiers, including the knowledge of feedback and physiological state, may 

provide insight into the continuous regulation of endurance performance. While there is no doubt that 

the human body will adjust exercise intensity in response to physiological strain and sensory cues, it 

remains debated if this response is to offset excessive physiological perturbations and deviation from 

homeostatic disturbances (Taylor & Smith, 2017). Specifically, during self-paced exercise, the most 

common adjustment may be to alter exercise behaviour, and reduce exercise intensity, particularly when 

circumstances are unknown and physiological state is sub-optimal, and may be examined by exploring 

pacing strategies (Périard, Caillaud, et al., 2011; Taylor & Gandevia, 2008). However, few studies have 

examined physiological and perceptual responses, and neurophysiological and neuromuscular activity 

concurrently to determine if the regulation of exercise intensity may be preceded by mechanisms within 

the CNS, including a fatigue related increase in neural communication and decline in central motor 

drive. Understanding how the CNS may moderate exercise intensity will provide greater insight into 

the mechanisms which may be attributed to the regulation of exercise performance and the manipulation 

of pacing strategies. 

1.7 Statement of the Problem 

Fatigue has been a matter of debate spanning over a century (Mosso, 1906), though for many researchers 

understanding the regulation of performance is still controversial, and may be a response mediated by 

high perceptual strain (Hampson, Gibson, Lambert, & Noakes, 2001; Tucker, 2009), thermoregulatory 

thresholds and physiological limitations (González-Alonso et al., 1999; Sawka et al., 2015), and/ or 

neuromuscular failure (Amann, 2011; Hureau, Olivier, Millet, Meste, & Blain, 2014). While there is 

compiling evidence to suggest that exercise intensity may be regulated within the CNS by a complex 
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integration of physiological systems (Noakes, 2012; Nybo & Nielsen, 2001b; Swart, Lamberts, 

Lambert, St Clair Gibson, et al., 2009; Swart et al., 2012), literature that has examined the CNS when 

manipulation of exercise endpoint and physiological state occurs is relatively scant. Thus, highlighting 

the need for further research evaluating changes in cerebral activity during exercise performance. How 

the brain may be related to a change in work output and how athletes may perceive their physical 

workload during self-paced exercise will be critical to support current evidence about the central 

regulation of fatigue. Further, while the effects of dehydration, exposure to hot environments and 

compounding thermoregulatory strain, markers of inflammation and deception of exercise endpoint are 

established as centrally acting performance modifiers (Noakes, 2011; Williams et al., 2014), how the 

brain responds to such implications on exercise remains to be seen. Accordingly, gaining further insight 

into the anticipatory regulation of fatigue could not only improve the current understanding of 

mechanisms that may underpin the regulation of exercise performance, but also be extrapolated to 

athletic communities for improvements in sports performance.  

1.8 Thesis Aims  

The aims of this thesis were to advance our understanding of the mechanisms related to the regulation 

of exercise performance during self-paced exercise. Specifically;  

i) Examine the withholding, providing and/or manipulation of exercise expectations on 

neural activity and neuromuscular properties to determine if neural changes precede 

alterations to exercise behaviour, i.e. pacing strategies.  

ii) Examine the altering of physiological states under known and unknown circumstances 

to determine if pacing strategies are regulated by changes in physiological strain, 

perceptual strain or in anticipation of the exercise endpoint.   

 

Study Aims and Hypothesis  

The following hypotheses and aims were posited to achieve the overall thesis aims:  
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Study 1:  The influence of knowledge of exercise endpoint on pacing strategies, perception 

of effort and neural activity and during 30 km cycling time trials. 

Research Hypothesis: 

1. It is hypothesized that with the provision of performance feedback, deoxygenated 

haemoglobin will be maintained until completion where increases in HHb will match 

increases in exercise intensity and EMG responses during an ‘end-spurt’ of power 

output;   

2. It is also hypothesized that when duration is withheld, participants will adopt a 

conservative, even pacing profile, report higher RPE values for similar heart rate (HR) 

responses, in response to the unknown duration. 

 

 

Research Aims: 

1. This study examined the changes in neural activity as determined by PFC tissue 

oxygenation and EEG across the motor cortex and parietal lobe, and neural drive to the 

skeletal muscle while remaining time trial duration was withheld;   

2. A second aim was to compare pacing strategies and physiological and perceptual 

responses while withholding duration feedback during successive 30 km cycling time 

trials.  

 

Study 2: Deception of cycling distance on pacing strategies, perceptual responses and neural 

activity 

Research Hypothesis: 

1. For this study it is hypothesised that oxy-haemoglobin concentrations and EEG activity 

will increase when participants are deceived of exercise endpoint, and when there is 

additional distance to be covered;  

2. It is further hypothesized that changes in perceived exertion, muscular activation and 

pacing strategies, will be based on previous experience and physiological responses, 
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and will be evident by a gradual increase is power output leading up to the expected 

exercise completion. 

 

Research aims: 

1. The primary aim of this study was to examine the manipulation of cycling distance, 

without the participant’s knowledge, on changes to cerebral tissue oxygenation and 

EEG activity of the motor cortex and parietal lobe;   

2. The secondary aim of this study was to determine if unknown changes in cycling 

distance would alter pacing strategies, muscle activation (EMG) and rate of rise in RPE. 

 

Study 3:  Knowledge of fluid on neurophysiological and perceptual responses during self-

paced exercise when dehydrated 

Research Hypothesis: 

1. It is hypothesized that when dehydrated with fluid restriction, an increase in perceptual 

responses and neural activity across the prefrontal and motor cortices would be evident 

while exercise intensity would be reduced compared to when fluid is provided;  

2. It is also hypothesised that as exercise intensity increases, this will lead to a greater 

reduction in post-exercise maximal voluntary contraction (MVC); 

3.  Finally, it is hypothesized that when no information about fluid allocation is provided, 

an increase in perceptual strain would be evident while exercise intensity and neural 

activity would remain unchanged compared to anticipation of receiving fluid in a 

dehydrated state. 

 

Research Aims: 

1. The primary aim of this study was to examine fluid ingestion and the knowledge of 

fluid allocation in a dehydrated state on pacing strategies, thermal sensations, RPE and 

thirst during self-paced exercise;  
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2. Additionally, this study aims to examine neurophysiological and neuromuscular 

responses following dehydration and exercise in the heat with and without fluid 

replacement.  

 

Study 4: The effects of non-steroidal anti-inflammatory drugs on pacing strategies and 

neuromuscular recovery following a 60 minute intermittent cycling protocol.  

Research Hypothesis;  

1. It is hypothesised that ibuprofen may reduce the sensation of pain in the active 

musculature, and therefore exercise intensity may increase due to an increase in central 

motor drive; 

2. It is also hypothesized that the change in exercise intensity for the ibuprofen condition 

would be preceded by a greater rate of oxygen perfusion across the prefrontal cortex; 

3. Finally, it is hypothesised that greater exercise intensity for the ibuprofen condition 

will lead to reduced maximal voluntary torque post exercise compared to control, 

however, these differences would be absent for the 6 hr post neuromuscular 

assessment.  

 

Research Aims: 

1. The primary aim of this study was to examine ibuprofen on pacing strategies, 

electromyography and prefrontal cortex oxy and deoxy-cerebral tissue oxygenation 

during a 60 min self-paced intermittent cycling protocol;  

2. The secondary aim of this study is to examine pressure pain threshold (PPT) and 

neuromuscular responses pre, post and 6 hr post intermittent cycling following 

ingestion of ibuprofen.  
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1.9 Limitations 

 

Due to inherent assumptions and limitations using human participants, the following factors were 

acknowledged:  

 For studies one and two, participant recruitment was limited to well-trained cyclists, and 

therefore the data could not be extrapolated into individuals of a different training status.   

 Neuromuscular function following the deception trials could not be obtained due to limitations 

of facility availability and equipment, therefore, some findings from studies one and two could 

not be compared with studies three and four.  

 To limit movement artefact during EEG, EMG and NIRS examination, a rigorous analysis 

process was completed to ensure data integrity. As such, due to data impedances, there was a 

reduced sample size for some NIRS and EEG data in studies one, two, three and four.  

 Due to the design of study one (knowledge study), it is difficult to determine if the change in 

EEG activity was due to provision of feedback or the difference in power output between 

conditions. Similarly, during the protocol in study two (deception study), it is difficult to 

determine if the decline in power output following 30 km completion is in response to 

exceeding the anticipated 30 km duration, or due to the metabolic costs of riding 6 km farther.  

 For study three, participants were instructed to complete a food and fluid diary and replicate 

exact food consumption between each trial. Although they will be under strict instruction to do 

so, conformity to this was too difficult to control.  

 Participants were provided with a telemetric core temperature (Tc) capsule to monitor changes 

in Tc throughout the cycling protocols in study three. While they were under instruction to 

consume the tablet 2 hours prior to arrival to laboratories to ensure digestion through the 

gastrointestinal tract, this was too difficult to effectively monitor.  

 Due to logistical constraints during cycling performance, changes in blood pressure, and 

therefore cardiac output, could not be monitored as this will have impeded on the EEG 

recording period at each selected time point during studies one, two and three.  
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 Study three included a dehydration protocol to 2 % nude body weight loss, as all weight 

measures were obtained behind a closed, lockable door, the actuality of the nude mass measure 

could not be verified.   

 Due to the design of Study three, knowledge of remaining duration would have been inherently 

known by participants following the allocation of fluid. While there was an increase in PO 

following the anticipation of fluid allocation, it is unknown if the increase in power output for 

the no-information fluid condition was due to information about remaining duration, or due to 

the allocation of fluid in a dehydrated state.  

 Study four required participants to consume tablets 2 hr prior to attending the Exercise 

Physiology Laboratories. Although they were instructed to do so, and provided with an 

information sheet as a reminder outlining the time of day that the tablet must be consumed, 

compliance to these instructions could not be controlled.  

1.10 Delimitations 

 Prior to all study trials commencing, participants were instructed to abstain from alcohol and 

physical activity 24 hr prior to arrival and to avoid consumption of any caffeine at least 3 hr 

prior to arrival to control pre-exercise circumstances.  

 As the participant cohort for studies one and two included sub-elite athletes, a 30 km distance 

was selected based on world individual UCI time trial events for elite cyclists typically ranging 

21.1 – 37.2 km.  

 During study three, to control caloric and fluid intake during the testing period, participants 

were provided with 200 mL water and a 200 cal meal (7 % fat, 86 % carbohydrate).  

 Between each trial for all studies, participants attended the laboratories at the same time of day 

for each session to avoid diurnal variances.  

 All studies in this thesis were conducted in a controlled laboratory environment using identical 

equipment for each successive trial. 



Chapter 1- Introduction  

18 
 

 To deter placebo/nocebo effects of the capsule ingestion during study four, a double-blind study 

design was followed and consistency between measures for the ibuprofen capsule was applied, 

including the measures of participants experience was assessed as per Beedie et al., (2018). 
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2.1 Overview 

For over a century physiologists have been attempting to develop a greater understanding of how the 

integration of central (CNS) and the peripheral nervous systems (PNS) may contribute to the formation 

of movement planning and physical activity, particularly in relation to the influences on the 

development and regulation of fatigue. The nature and causes of fatigue have received much 

investigative attention, however, they remain controversial, and as such, the definition of fatigue 

remains somewhat elusive. Characteristically the definition of fatigue will depend on the context, 

therefore, for the purpose of this thesis, fatigue during exercise may be defined as a decrement in 

maximal force-generating capacity of the muscle (Gandevia, 1992), which may be evident during self-

paced exercise as a reduction in speed and power output. During exercise, it is known that fatigue may 

arise from a decline in activity proximal (central) or distal (peripheral) to the neuromuscular junction. 

The definition of central fatigue relates to a reduction in neural drive to the active musculature, while 

the definition of peripheral fatigue is related to a decline in activity due to changes at, or below the 

neuromuscular junction (Gandevia, 2001). The first section of this literature review will discuss fatigue 

from a historical perspective, including the classical concepts, and more contemporary arguments about 

the origin and nature of exercise related fatigue.  

 

There is no scarcity in the literature which has examined the multi-disciplinary effects of fatigue during 

exercise, particularly in relation to the physiology, psychology and neurophysiology domains. While 

this may be the case, there is still uncertainty about how these factors may collectively be attributed to 

the continuous regulation of exercise intensity. As such, the first section of this review will also discuss 

how physiological perturbations may lead to conscious and subconscious changes in exercise intensity 

(i.e. pacing strategies). Furthermore, as the CNS is suggested to play a key role in the regulation of 

exercise intensity, the second section of this literature review will discuss current techniques to examine 

changes in neurophysiology during exercise. In relation to pacing strategies, knowledge of exercise 

endpoint is a key factor in the regulation of exercise intensity, therefore, the third section of the literature 

review will evaluate research that has manipulated key variables which may impede on exercise 
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expectations and discuss the implications for performance outcomes, physiological responses and 

perceptual strain. Furthermore, the fourth section of this literature review will examine dehydration 

effects on performance, CNS and neuromuscular activity, and perceptual behavioural responses during 

exercise in hot environments. Finally, the fifth section of this review will discuss the inflammatory 

response during physiological stress, including the effect of cytokines on the regulation of exercise 

intensity, and further discuss literature which has examined the effect of non-steroidal anti-

inflammatory drugs (NSAIDS) on exercise performance. As shown in the concept tree (Figure 2.1), the 

primary themes of the thesis include exercise regulation and the limitations to human performance and 

additionally highlights the manipulative interventions that can be used further digress the regulation of 

exercise performance to be discussed in detail throughout this literature review.  
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Figure 2.1 Concept Tree: overview of the major themes presented in this thesis 
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2.2 Regulation of Exercise 

While there is evidence to suggest that changes to exercise intensity may be moderated by the central 

nervous system to obtain an optimal exercise load, the mechanisms responsible for these adjustments 

in power output and the onset of fatigue remain elusive (Abbiss & Laursen, 2005; Ansley, Lambert, 

Scharbort, St Clair Gibson, & Noakes, 2004; St Clair Gibson, Schabort, & Noakes, 2001; Swart, 

Lamberts, Lambert, St Clair Gibson, et al., 2009). For example, Marcora, (2008) states that the onset of 

fatigue is a psychobiological occurrence whereby tolerance to high-intensity aerobic exercise is limited 

by perceived effort and motivation. While other models of fatigue suggest that limitations to exercise 

performance are modulated the brain to limit cellular catastrophe (Noakes, 2012), or as a result of 

peripheral failure, whereby excitability of the working muscle is attenuated (Amann, 2011). 

Consequently, to understand the limitations of exercise performance, the history of fatigue will be 

discussed, followed by an evaluation of the aforementioned mechanisms of exercise regulation and 

pacing during exercise performance.  

 

2.2.1 Fatigue 

History of Fatigue 

The history of understanding the chain of command for the working musculature was initiated by 

dichotomizing the phenomenon of fatigue into two major components; the centrally acting modifiers 

and the periphery; central vs peripheral (Marino, 2014). Angelo Mosso (1846 - 1910) was a seminal 

physician in the evolution of muscle fatigue and postulated that similar to physical activity, following 

intense intellectual work, the brain requires increased effort to accomplish a task that may have 

previously been easy (Enoka et al., 2011). Mosso (1906) compared voluntary to involuntary 

contractions of the middle-finger flexor muscles and observed similar number of repetitions between 

the voluntary and evoked contractions. From these findings, Mosso (1906) postulated the “phenomena 

of fatigue to be of central origin” (Mosso, pp 102). Following the preliminary studies of fatigue, 

advancing technology has allowed research to isolate the central and peripheral components of physical 
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activity to derive models in an attempt to further elucidate the causes of fatigue. Hill, Long, and Lupton 

(1924a) eluded to possible cardiac limitations to muscular activation, and the likelihood of cardiac 

regulation over energy expenditure by manipulating the oxygen fractions of inspired air. By the mid-

20th century, the there was a deviation in the focus of fatigue research to examine muscular activation 

where Merton (1954) questioned the limitations of strength by isolating and electrically stimulating 

muscles of the hand and was able to establish the importance of the periphery in the development of 

fatigue. Into the 21st century, current research examines the central and peripheral origins of fatigue to 

establish an ideal paradigm for the complexity of fatigue and exercise regulation (Abbiss & Laursen, 

2005; Noakes, 2011). For example, the central governor model of fatigue eludes to a complex system 

of exercise regulation where the modulation of activity of skeletal muscle may be governed by the brain, 

based on afferent sensory feedback from the periphery (Noakes, Peltonen, & Rusko, 2001). Conversely, 

the psychobiological model of exercise fatigue, derived by Marcora, (2008) describes fatigue as a 

combination of psychological and motivational factors working within the conscious mind to exercise 

within a ‘tolerance’. However, given that direct activity in the brain, and the impossible task of 

measuring the ‘signals’ propagated from the periphery to the CNS, defining the aetiology of fatigue is 

difficult, and consideration to these factors must be given (Enoka and Duchateau, 2016). Nonetheless, 

while the origin of exercise fatigue and the continuous regulation of self-paced exercise efforts remains 

controversial, the research that contributes understanding this significant phenomenon are ascribed in 

detail throughout the following sections.  

 

Defining Fatigue 

The definition of fatigue is multifaceted and inevitably determined by the location of origin, for 

example, fatigue is suggested to be an emotion initiated in the brain (Kay & Marino, 2003), though is 

also considered to begin in the viscera and the muscles (Thomas et al., 2015) or as a combination of 

both central and peripheral factors (Amann, 2011; Micklewright et al., 2010; Noakes et al., 2001). 

Paramount research concerning fatigue, developed by Mosso (1906), generated the framework for 

understanding fatigue from a central perspective, from his work, models and theories about the central 

regulation of human performance have been developed (Enoka et al., 2011).  
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The classical definition of central fatigue dictates ‘A progressive reduction in voluntary activation of 

muscle during exercise’ (Gandevia, 2001) where voluntary activation refers to the ability of the muscle 

to generate force based on the ‘drive’ received from the CNS. Within the scope of central fatigue, more 

specific definitions have been developed to elucidate the mechanisms that may attribute to the decline 

in motor drive (central). For example, Noakes (2012) has proposed that fatigue is not a physiological 

response, though may be an emotion throughout the continuous process of exercise regulation. Further, 

fatigue has also been defined as the sensation of tiredness and exhaustion associated both with strenuous 

exercise and sickness which show some similarities between the immunological responses (Vargas & 

Marino, 2014). An alternative characterisation of fatigue highlights the peripheral limitations of 

exercise performance, and was first introduced by examining metabolite supply and demand (Hill, 

Long, & Lupton, 1924b) whereby fatigue at the muscle occurs once lactic acid accumulates and 

available oxygen demands are at their limit (Noakes & Gibson, 2004). Peripheral fatigue is defined as 

‘fatigue produced by changes at or distal to the neuromuscular junction’ and includes attenuation in 

excitability of the muscle (Gandevia, 2001). Fatigue below the neuromuscular junction may be defined 

as a reversible reduction in the neuromuscular systems capacity to generate force (Hilty et al., 2011) as 

a result of altered cross-bridge cycling activity, failure of action potential propagation or excitation/ 

contraction coupling (Taylor, Bronks, Smith, & Humphries, 1997). The physiological, neurological and 

biochemical processes are regarded as being independent factors that may contribute to the regulation 

of human performance, hence the complexity associated with defining fatigue. Models to explain the 

process of regulating exercise intensity have been developed by combining both central and peripheral 

mechanisms which take into account changes to physiological responses and metabolism (Ulmer, 

1996), perception and motivation (Marcora, 2008), acute inflammation (Vargas & Marino, 2014), 

thermoregulatory stress (Nielsen et al., 1993) and the CNS (Hilty et al., 2011).  
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Models of Fatigue and Exercise Regulation  

 

Teleoanticipatory Model of Fatigue 

The development of the teleoanticipatory model of fatigue was a seminal fatigue model that suggested 

there may be continuous regulation of exercise, governed by changes to extracellular regulation of 

metabolic rate. Ulmer (1996) developed the teleoanticipatory model based on the assumption that in 

anticipation of the exercise endpoint, athletes may consciously and/or subconsciously moderate 

metabolic rate (i.e. exercise intensity) based on exercise expectations, remaining duration and 

somatosensory feedback. Ulmer (1996) was able to demonstrate the notion of exercise regulation due 

to apparent adjustments in power output to maintain optimal performance. The author proposed that 

consideration of the exercise endpoint and remaining duration was taken into account to adjust the pace 

of exercise, thereby metabolic energy expenditure for optimal performance outcomes.  

 

Since the intial development of the teleoanticipation model, research has demonstrated that changes in 

exercise intensity may be mediated by the CNS for optimal pacing and metabolic resource distribution. 

For exmaple, Swart, Lamberts, Lambert, Lambert et al., (2009) investigated this model through 

examination of five consecutive self-paced 40 km cycling time trials (TT). During the fifth and final 

TT, all performance feedback was withheld until the final kilometre to examine if power output could 

be regulated based on previous performances of a similar distance. The authors reported that mean 

power output during the final (unknown) trial was lower (256.6 ± 36.6 W) compared to the fourth 

(feedback) time trial (265.5 ± 36.4 W), suggesting that there may have been some metabolic reserve 

due to the lower mean power output for the duration of the 40 km TT during the blinded condition. 

From this finding, Swart and colleagues (2009) concluded that exercise intensity during open-loop 

performances (i.e. when duration is not known), may be controlled by afferent feedback from 

physiological mechanisms. Alternatively, when subjects cycled with provision of distance feedback, 

they were able to apply a more aggressive pacing strategy, as power output increased when there was 

greater certainty about the exercise endpoint. The authors propose that participants were able to utilise 

a teleoanticipatory strategy to calculate required energy expenditure for the remaining duration. Figure 

2.2 depicts the teleoanticipatory model of fatigue by illustrating the relationship between the brain and 
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afferent feedback from the periphery. Additionally, Figure 2.2 presents how the subjective 

interpretation of afferent feedback may contribute to sensations of fatigue and RPE. An additional 

finding from the aforementioned study by Swart, Lamberts, Lambert, Lambert et al., (2009) established 

that coinciding with the metabolic reserve observed by lower power outputs during the blinded 40 km 

TT, there was also lower RPE, while during the trials with distance feedback, power output and RPE 

increased linearly. The authors reported that the uncertainty of distance completed may have led the 

subjects to revert to a more conservative ‘RPE strategy’, thus preservation of metabolic reserve. 

However, with certainty of the exercise endpoint came higher power output and higher RPE, thus 

minimal metabolic reserves would be available upon completion. This may suggest that open-loop 

exercise may lead to a more conservative RPE strategy, and thus a down-regulation of exercise intensity, 

due to the uncertainty of exercise endpoint.  

 

 

Figure 2.2 Teleoanticipatory model fatigue as proposed by Ulmer (1996). Intensity of exercise is set in 

the brain and continuously adjusted based on afferent feedback from physiological mechanisms 

including cardiovascular responses and the periphery. Figure from Lambert et al. (2005).  

 

In addition to evidence that teleoanticipation of fatigue is utilised by athletes in endurance events, there 

is also evidence to suggest that this anticipation and control of metabolic and somatosensory feedback 



Chapter 2- Literature Review 

28 
 

may occur during short term, high-intensity efforts. Hureau et al., (2014) has established that 

anticipatory regulation during repeated sprints may occur to delay the onset of peripheral fatigue. 

Hureau and colleagues examined EMG responses of the quadriceps as an indication of central motor 

drive during 10 x 10 s maximal effort sprints. During this study, the authors pre-fatigued muscles of the 

quadriceps via electrical stimulation and compared these findings to unfatigued muscles of the 

quadriceps. Results showed a difference in EMG amplitude for the first nine sprints, however, the 

magnitude of difference between pre-fatigued and non-fatigued muscles was gradually reduced until no 

difference in EMG amplitude was evident during the final sprint in either condition. Based on this 

finding, the authors suggested that during high intensity exercise, there may be some central regulation 

of power output. The authors suggest that the regulation of EMG and power output may be indicative 

of a subconscious regulation of central motor drive to limit the development of peripheral fatigue. As 

such, teleoanticipation has provided a foundation for exercise scientists to establish a relationship 

between the regulation of central drive and knowledge of exercise endpoint.  

 

Thermoregulatory Model of Fatigue 

Exercise in hot environmental conditions is well-documented to contribute to a decline in exercise 

performance (Altareki, Drust, Atkinson, Cable, & Gregson, 2009; Marino, 2004; Tucker, Marle, et al., 

2006). The mechanisms responsible for the decline in performance have been attributed to rising core 

temperature (Ely et al., 2009), greater physiological demands (Cheuvront, Kenefick, Montain, & 

Sawka, 2010), and greater perceptual strain (Flouris & Schlader, 2015). The thermoregulatory model 

of fatigue suggests increasing physiological strain, due to imbalances between metabolic heat 

production and heat dissipation (Abbiss & Laursen, 2005; Nielsen et al., 1993), increases core body 

temperature rapidly up to a ‘critical limiting temperature’ (approximately 39.5 ° C) that the human body 

cannot withstand for prolonged periods (González-Alonso et al., 1999). It is suggested that to reduce 

the likelihood of attaining the critical limiting temperature, a down-regulation in exercise intensity may 

occur to ensue heat dissipation (Cheuvront et al., 2010; Flouris & Schlader, 2015; Nybo & Nielsen, 

2001a). The effects of exercise-induced hyperthermia upon reaching the ‘critical’ limit of ~39.5° C is 

typically a downregulation in the ‘drive’ or ‘desire’ to exercise (Brück & Olschewski, 1987; Nybo & 
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Nielsen, 2001a). González-Alonso et al.,(1999) were able to demonstrate the negative effect of core 

body temperatures reaching the ‘critical limit’ on exercise performance during cycling trials to 

volitional exhaustion. This study recruited participants to complete cycling trials starting at different 

body temperatures (35.9°C, 37.4°C or 38.2°C). Despite the variance in initial body temperatures, 

participants retired exercise at the same body temperature (~40° C) suggesting that high internal body 

temperatures may have been related to exercise fatigue. This findings is similar to that of Nielsen et al., 

(1993), in that exercise exhaustion following a fixed-pace protocol at 60 % VO2max coincided with 

core temperatures at the ‘critical threshold’ (~40° C). While these studies have eluded to core 

temperature as being the critical factor in exercise exhaustion, the exercise protocols were limited to 

externally paced trials, and could not account for behavioural adjustments, including a down-regulation 

in exercise intensity. More recently Ely et al., (2009) have demonstrated that there may not be a 

critically limiting temperature for human self-paced performance. The authors reported that during an 

8 km time trial, running velocity was not impacted by body temperature > 40° C (279 ± 28 m.min-1) 

compared to body temperature < 40° C (282 ± 27 m.min-1). From these findings, Ely and colleagues 

(2009) have proposed that heat stress and hyperthermia, caused by exercise in hot environments, may 

be to an aggregation of physiological systems, and not limited to rising core body temperatures alone. 

This finding may suggest that the critical limiting temperature may be an experimental artefact. As 

such, disparity in these findings may stem from differences in exercise protocol (i.e. time to exhaustion 

compared to 8 km TT), hydration status, and environmental temperatures. More recently, Périard, & 

Racinais (2015) have shown that a greater reduction in cerebral arterial blood velocity was evident 

during a 750 kJ self-paced time trial in the heat compared to cool conditions. This reduction was 

attributed to a decline in both peripheral blood flow and arterial blood pressure. The authors suggest 

that the lower exercise intensity for the hot condition attributed to lower ventilatory rate, thus lower 

cerebral arterial velocity. Nonetheless, it is known that exercise is limited in hot environments (Périard, 

De Pauw, Zanow, & Racinais, 2018; Sawka et al., 2001), however, while it is suggested that this is the 

direct result of a critically high internal temperature (Nielsen et al., 1993), more recent evidence is 

eluding to a complex interplay of physiological systems working to maintain homeostasis by down-

regulating central drive to the active muscle, either in response to hyperthermia or in an anticipatory 
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manner around the exercise endpoint (Ely et al., 2009; Nybo & Nielsen, 2001a; Robertson & Marino, 

2017).  

 

Neuromuscular Fatigue Model 

Neuromuscular fatigue is defined as a reduction in maximal voluntary force (Lepers, Maffiuletti, 

Rochette, Brugniaux, & Millet, 2002; Taylor et al., 1997). Literature examining peripheral fatigue 

suggests that the ability of the muscle to receive blood, oxygen and nutrients and the efficiency of 

energy systems in the working muscle to re-phosphorylate ATP is a major limiting factor in exercise 

(Abbiss & Laursen, 2005). Neuromuscular failure, as evidenced by a reduction in maximal voluntary 

force, is suggested to be attributed to a decline in motor drive (Gandevia, 1992), failure at the actin-

myosin cross bridge and propagation of actions potential across the skeletal muscle sarcolemma (Taylor 

et al., 1997). EMG allows researchers to examine patterns of muscle activation for further investigation 

of neuromuscular failure (Kay et al., 2001). In addition, to examine muscle twitch independently of 

CNS drive, twitch interpolation techniques may determine the level of voluntary activation and can be 

analysed to assess activity directly at the muscle (Merton, 1954).  

 

A commonly accepted outcome following exercise is a reduction in the ability of the muscle to produce 

similar force to pre-exercise (Lepers, Hausswirth, Maffiuletti, Brisswalter, & Van Hoecke, 2000; Lepers 

et al., 2002). Research has indicated that the degree of neuromuscular fatigue experienced by an 

individual is task-dependant and is related to the exercise intensity and duration (Amann & Dempsey, 

2008; Thomas et al., 2015). Moreover, there is some evidence to suggest that the generation of 

neuromuscular fatigue, may be unrelated to central motor drive (Amann & Dempsey, 2008). Following 

endurance cycling, it is suggested that metabolic changes in the active muscle may impact on the ability 

of the muscle to produce compound muscle action potential (M-wave) (Allman & Rice, 2002). Once a 

muscle is electrically stimulated, the M-wave reflects the excitability of the muscle membrane (Milner‐

Brown & Miller, 1986). Neuromuscular propagation failure depicts that the reduction in M-wave is an 

index of change to the sodium-potassium pumps in the sarcolemma of the active muscle (Allman & 

Rice, 2002). Following endurance exercise, a reduction in these transmembrane ions has been related 
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to reduced EMG activity (Allman & Rice, 2002; Fowles, Green, Tupling, O'brien, & Roy, 2002; St 

Clair Gibson et al., 2001) indicating propagation of the muscle below the neuromuscular junction may 

be a limiting factor for exercise performance and maximal voluntary contraction (Abbiss & Laursen, 

2005). 

 

In contrast, central fatigue, expressed as a reduction in the firing rate of motor neuronal pools, can be 

quantified by the interpolation technique (Merton, 1954) which assesses the amount of axons at the 

muscle not voluntarily fired with a superimposed electrical stimulus to the nerve. Amann and Dempsey 

(2008) examined the effects of muscle fatigue and central motor drive following fixed-load 5 km cycling 

trials and two different exercise intensities (83 and 67 % peak power output). The authors reported that 

activity of the vastus lateralis, as determined by EMG, was different between the two intensities, while 

muscle potentiated twitch showed no difference. From their findings, the authors propose central motor 

drive is determined based on feedback from a fatiguing muscle, therefore, while there may be some 

development of peripheral muscle fatigue, the degree of fatigue at the muscle is regulated be central 

drive and central control of force output. Figure 2.3 depicts neuromuscular fatigue models for A) 

neuromuscular propagation failure, and B) central fatigue.  

 

 

                      

 

A) B) 
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Figure 2.3 Neuromuscular limitations to exercise performance. A) Depicts a reduction in transmission 

of nerve impulses across the synaptic cleft to reach the sarcolemma of the active muscle and B) feedback 

from the active muscle indicating stress at the periphery and the brain modulating central drive to reduce 

further stress at the muscle.  

 

There is evidence to suggest that a combination of neuromuscular factors contributes to the sensation 

of fatigue during strenuous physical activity. For example, Thomas et al., (2015) examined central and 

peripheral fatigue following TTs of varying duration (4, 20 and 40 km). The authors reported that 

following the shortest TT, the reduction in potentiated twitch was greater than the 20 and 40 km TT 

indicating that for the higher intensity of the exercise bout, there was a greater magnitude of peripheral 

fatigue. Conversely, for the longer duration, 20 and 40 km trials, central fatigue was evident due to the 

greater reduction in voluntary activation. The authors propose that there is a duration-dependant 

influence on the neuromuscular mechanisms contributing to the development of fatigue and may be 

regulated by an internal priority to maintain intramuscular homeostasis. Collectively, both central 

activation and peripheral failure models of fatigue predict a down-regulation in exercise output during 

endurance activities due to failure along the path of central command and action potential propagation. 

However, it remains unknown to what extent these components may individually or collectively account 

for decrements in exercise intensity and EMG activity. As such, examination of EMG during physical 

activity compared to electrical activity across the motor cortex may provide some assistance in 

elucidating these models and their respective contributions to exercise fatigue.  

 

Psychobiological Model of Fatigue 

The psychobiological model of fatigue attempts to explain that a reduction in performance is not due to 

the regulation of energy stores, thermoregulatory sensors or cardiac output, rather, the regulation of 

performance is heavily dependent on the level of interest to complete the exercise bout (Marcora, 2008). 

This theory can be distinguished from other suggested models of fatigue as it primarily suggests that 

performance is controlled voluntarily, and the activation of the muscle is altered intentionally by the 

athlete (Pageaux, 2014). Primarily, the psychobiological model of fatigue argues that self-paced 

endurance exercise is regulated voluntary by effort-based decision-making with regard to the following 
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factors: 1) perception of effort, 2) potential motivation, 3) knowledge of distance/ time to cover, 4) 

knowledge of distance/time remaining, and 5) previous experience (Marcora, 2010; Pageaux, Angius, 

Hopker, Lepers, & Marcora, 2015). ‘Mental Fatigue’ is a psychobiological state characterised by 

Marcora, Staiano, & Manning, (2009) as the result of demanding cognitive activity that may leave an 

individual with feelings of tiredness, which may impede on motivation to complete the exercise bout, 

and greater perceived exertion. The psychobiological model suggests that RPE is developed in the 

conscious brain based on motor command (De Morree, Klein, & Marcora, 2012) and is produced 

independently of afferent feedback (Pageaux, 2014).  

 

There is evidence to suggest that mentally fatiguing athletes prior to competition may impede on 

performance outcomes as cognitive tasks may increase perception of effort, and reduce willingness to 

perform, without alterations to cardiorespiratory and neuromuscular contributions. For example, 

Marcora et al., (2009) established a relationship between pre-fatiguing participants and a decline in time 

to exhaustion (TTE) exercise performance. The authors elicited a 90 min demanding cognitive task 

including a continuous performance test involving sustained attention, working memory and error 

monitoring followed by a time to exhaustion cycling protocol. The authors reported that time to 

exhaustion was lower following the mentally fatiguing task (640 ± 316 s) compared to the control (754 

± 339 s). Further, RPE was higher following the mentally fatiguing task during the exercise trial, though 

was not different between conditions upon completion. Marcora and colleagues proposed that inflicting 

mental fatigue can limit exercise endurance tolerance due to an increase in perception of effort while 

extreme physiological perturbations may not be evident. More recently, Salam et al., (2017) examined 

the impact of mental fatigue on critical power during cycling TTE. Following a 30 min cognitively 

demanding computer task, participants were then instructed to complete the TTE trial. The authors 

reported that psychological factors, including mental fatigue, reduced total power produced during a 

TTE trial and caused an increase in the rating of perceived effort compared to a control condition. From 

their findings, the authors concluded that the participants in their study were not able to reach peak 

power, despite exercising to exhaustion due to motivational disengagement from the task at hand i.e. 
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the participants withdrew physical effort when they perceived the task to be more difficult following 

the mental fatigue trials.  

 

Similar to TTE protocols, during self-paced efforts, Pageaux, (2014) examined the effects of a mentally 

fatiguing task on a subsequent 5 km treadmill TT. The authors reported that following the mentally 

fatiguing task (incongruent stroop-task), the 5 km TT was longer (24.4 ± 4.9 min) compared to the 

control (23.1 ± 3.8 min) due to a slower average running speed. Furthermore, RPE was also reported to 

be higher following the mentally fatiguing task (13.5 ± 1.3) compared to the control (12.4 ± 1.3). 

Pageaux and colleagues (2014) suggest that the longer time to completion may be the result of response 

inhibition following the mentally fatiguing task affecting the participants’ willingness to exert a 

maximal effort, and therefore, a higher perception of effort was reported for a lower running speed. 

However, this study did not examine any neurophysiological activity during the mentally-fatiguing nor 

exercise tasks, therefore, the relationship between perceived exertion and response inhibition can only 

be drawn from speculation. In conclusion, the psychobiological model of fatigue proposes that exercise 

performance is not limited by cardiovascular or neuromuscular factors, but is ultimately limited by the 

conscious brain and ratings of perceived exertion (Marcora et al., 2009). This model proposes that self-

paced exercise may be limited by conscious awareness of higher perceptions of effort, which reduces 

motivation to complete the exercise bout, resulting in lower exercise intensities. However, the 

conscious/ subconscious control of perceived exertion and pacing strategies remains under debate and 

requires further evidence to elucidate the central mechanisms underlying decision-making during self-

paced exercise (Micklewright, Kegerreis, Raglin, & Hettinga, 2016).   

 

Neuroinflammatory Model of Fatigue 

The neuroinflammatory model of fatigue depicts that the release of pro-inflammatory cytokines during 

strenuous physical activity may play a role in the regulation of pacing and the development of fatigue 

(Vargas and Marino, 2014). More specifically, the pro-inflammatory cascade of cytokines, including 

interleukins (IL) 1, 5, 6 and tumour necrosis factor alpha (TNF-α), are not only released during acute 

bouts of exercise (Vargas and Marino, 2018), but their release is also associated with the immune 
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response during symptoms of influenza (Hunter and Jones, 2015). According to the neuroinflammatory 

model for acute fatigue, the cytokine release during prolonged endurance exercise may in turn 

contribute to the afferent feedback which is interpreted by the brain for successive alterations to efferent 

drive to the muscle, and therefore, performance output.  

 

To examine the magnitude of the IL-6 related inflammatory response during different exercise 

intensities, Cullen et al., (2016) compared high, moderate and low intensity cycling exercise on the 

plasma IL-6 concentrations. The intensities for each trial were 1) 35 min at 50 % VO2max, 2) 5 x 5 min 

at 50 % and 5 x 2 min at 80 % VO2max, and 3) 5 x 3 min at 50 % and 5 x 4 min at 80 % VO2max. The 

authors reported that the release of IL-6 appeared to be dependent on the intensity of each trial. 

Additionally, some studies have further proposed that the release of IL-6 is reliant on the availability of 

substrates, including carbohydrate (CHO) (Febbraio et al., 2003; Reihmane & Dela, 2014). Febbraio et 

al., (2003) compared the ingestion of CHO to a placebo trial during a 120 min cycling trial on arterial 

IL-6 concentration. The authors reported that CHO attenuated the release of IL-6, and that the 

attenuation of cytokine release is most likely due to the excessive availability of substrates. Therefore, 

when no additional CHO stores are available, it may be acceptable to suggest that this will facilitate 

additional IL-6 release and propagate sensations of fatigue. However, given the neuroinflammatory 

model of fatigue is a relatively new concept for examining the regulation of exercise, the relationship 

between substrate availability, the inflammatory response and exercise intensity remains to be 

confirmed. Vargas and Marino, (2018) have successfully shown that IL-6 and soluble IL-6 receptor 

(sIL-6R) released during exercise is moderately correlated with total work during a clamped RPE 

protocol. The authors suggest that the release of the pro-inflammatory cytokines could contribute to 

afferent feedback via transignalling to the brain, thus, resulting in modifications to efferent feedforward 

and exercise output. Considering that the release of IL-6 during periods of strenuous, endurance exercise 

may be regulated based on substrate availability, additionally considering that the release of IL-6 may 

contribute to afferent feedback, it may therefore be acceptable to propose that the sensations of fatigue 

may develop in response to rising IL-6 to near critical threshold limits (Cullen et al., 2016).  
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Central Governor Model of Fatigue 

Continuing the teleoanticipatory model of exercise regulation (Ulmer, 1996), the central governor 

model (CGM) of fatigue aims to further elucidate peripheral and central mechanisms which may play 

a role in the anticipatory regulation of exercise performance (Noakes et al., 2001). The CGM suggests 

that exercise intensity is regulated within homeostatic constraints by incorporating a complex interplay 

of all physiological systems working to deter any severe physiological catastrophe. In this model, the 

efferent command delivered to active skeletal muscle is regulated based on, though not limited to, 

remaining duration, physiological and emotional state, prior experience and perceived exertion 

(Noakes, 2012). This model of exercise regulation purports that efferent command is determined by the 

brain at the beginning of exercise, where an appropriate number of motor units will be fired based on 

exercise expectations, and altered throughout an exercise bout according to endogenous feedback 

(Noakes, 2012). The CGM was developed in an attempt to better explain six common phenomena often 

associated with self-paced exercise, including; 1) pacing strategies, 2) the presence of an end-spurt, 3) 

‘fatigue’ when homeostasis is maintained, 4) not all muscle fibres are activated during physical activity 

in the exercising musculature 5) changes in exercise intensity when interventions may act directly on 

the brain, or exercise expectations, and 6) RPE as a function of relative exercise duration, rather than 

exercise intensity (Noakes, 2011).  In this model, sensations of fatigue, RPE and skeletal muscle activity 

are integrated, and may be continuously moderated throughout an exercise bout based on endogenous 

afferent feedback and teleoanticipatory calculations for remaining duration (St Clair Gibson & Noakes, 

2004). Figure 2.4 presents a schematic overview of the centrally acting performance modifiers which 

may modulate efferent drive to the skeletal muscle during self-paced exercise.  
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Figure 2.4 Schematic overview of the central governor model (CGM) of fatigue and exercise regulation 

including centrally acting performance modifiers and examples of afferent feedback from the periphery 

to the brain to adjust energy expenditure for optimal performance. Figure from Noakes et al., (2011).  

 

The CGM suggests that changes to exercise intensity and RPE are functions of relative distance, or 

remaining duration, where exercise endpoint may be used as a ‘reference point’ (St Clair Gibson & 

Noakes, 2004), and once an athlete has reached 90 % of an endurance trial, the occurrence of an end-

spurt is common (Catalano, 1974). Evidence examining changes to pacing profiles and EMG activity 

has utilised this end-spurt in power output to examine the continual regulation of exercise performance 

to support the CGM (Decorte, Lafaix, Millet, Wuyam, & Verges, 2012). For example, Ansley, Lambert, 

et al., (2004) demonstrated continuous exercise regulation by examining power output and pacing 

strategies with integrated-EMG (iEMG) to evaluate the effect of prior experience of cycling distance 

during three self-paced 4 km cycling protocols. The authors observed parallel increases in power output 

and iEMG during the ‘end-spurt’ of each trial, and suggested that pacing may have been centrally-

mediated as EMG is considered to be representative of neural drive to skeletal muscle (Kay et al., 2001). 
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Likewise, Micklewright et al., (2010) observed similar pacing patterns during successive 20 km cycling 

while exercise feedback, including speed and remaining duration was manipulated, including nil, 

accurate or enhanced (+ 5%) feedback. It was reported that power output increased during the final km 

during the cycling trial with accurate feedback, further, there was slower completion and lower mean 

power output when performance feedback was withheld compared to accurate feedback. From this, the 

authors promote the importance of feedback information for athletes, as it appears that power output 

may be mediated based on previous experience, and further modified based on the athletes interpretation 

of such feedback. The authors concluded pacing strategies may be influenced by more factors than 

previous experience alone as initially proposed by Ulmer, (1996). Collectively these studies have shown 

that a compilation of factors may contribute to overall pacing regulation including, but not limited to, 

previous experience, knowledge of endpoint and RPE. However, given the complexity in the CGM, and 

no direct location in the brain for exercise regulation, this model of fatigue remains highly debatable. 

More evidence about the regulation of exercise intensity is required to further elucidate this model to 

determine if changes across the brain may occur in an anticipatory manner to offset cellular catastrophe.  

2.2.2 Pacing Strategies, Pacing and Pacing Profiles  

Pacing strategies, pacing and pacing profiles during self-paced exercise tasks are characterised by the 

adjustment of power output and energy expenditure to successfully complete an event within a 

competitive timeframe (Micklewright et al., 2010). Pacing strategies are defined as the starting strategy 

based on previous experience, task knowledge and task expectations (Tucker & Noakes, 2009; Williams 

et al., 2016), pacing is defined as the way power output or energy expenditure is regulated and controlled 

to complete an event utilising all available resources (Micklewright et al, 2016; Taylor & Smith, 2014), 

and pacing profiles are defined as the pattern of power output distribution analysed following the event, 

and are typically characterised by the initial and/ or final speeds or velocity (Abbiss & Laursen, 2008). 

In other words, pacing strategies may be a preconceived template of effort and work distribution based 

on exercise expectations and experience, pacing may be the change in exercise intensity based on a 

change in environmental interactions or changes to the exercise expectations, and the pacing profile is 

the pattern and distribution of work upon completion. There are a multitude of factors, including, but 
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not limited to, duration, thermal environment, motivation, competitors and exercise endpoint, that may 

contribute to the distribution of work during an event (Micklewright et al., 2016). During endurance 

events, a gradual decline in velocity may be evident due to decline in substrate availability (Angehrn et 

al., 2016), while during short-term events, a gradual decline in speed and power may be attributed to 

accumulating metabolites and a reduction in ATP turnover in the active muscle (Sousa, Vasque, & 

Gobatto, 2017; Tucker, Lambert, & Noakes, 2006; Wu, Peiffer, Brisswalter, Nosaka, & Abbiss, 2014). 

Alternatively, an increase in velocity may be the result of opposition tactics in the presence of 

competitors (Brick, Campbell, Metcalfe, Mair, & Macintyre, 2016; Foster et al., 2004; Watkins, Platt, 

Andersson, & McGawley, 2017), as it is known that knowledge of competitors and athlete-environment 

interactions also affect pacing behaviour (Hettinga, Konings & Pepping, 2017). Specifically, it has been 

reported that the starting pace of an opponent during competition will affect the decision making process 

and subsequent pacing behaviours (Konings et al, 2016) in addition to tactical positioning, drafting and 

risk of fall or injury (Hettinga et al., 2017).  

 

As discussed, examination of effort distribution after the fact is the pacing profile. The gradual decline 

in power output is defined as negative pacing, which is also suggested to utilise less substrates in an 

attempt to avert carbohydrate depletion (De Koning et al., 2011), and is more efficient requiring less 

oxygen consumption (Bailey et al., 2016). However, in uncompensable environments (i.e. heat), 

exercise intensity is typically lower (Schmit, Duffield, Hausswirth, Coutts, & Le Meur, 2016) and will 

remain relatively steady throughout an endurance event. This ‘steady’ exercise intensity is also 

consistent during open-loop exercise bouts where exercise endpoint is unavailable during strenuous 

physical activity (Abbiss & Laursen, 2008). It is suggested that this even pacing profile may be tightly 

regulated based on afferent feedback, which in turn produces the steady power output as a compensatory 

mechanism due to uncertainty (Thomas, Stone, Thompson, Gibson, & Ansley, 2012) and to reduce 

physiological and perceptual strain, particularly in hot environments (Schmit et al., 2016). Conversely, 

if remaining duration of an exercise bout is available, an athlete is suggested to distribute metabolic 

recourses, including substrates and motor unit recruitment, using the exercise endpoint as a reference 

(St Clair Gibson & Noakes, 2004). Exercise regulated around the endpoint, as evidenced by a clear 
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increase in power output, is delineated as parabolic pacing, and does not appear to be regulated based 

on physiological responses alone, though may be regulated based on a complex system of feedback 

from a populous of sources around the body (Abbiss & Laursen, 2008), and are adjusted using 

teleoanticipation (Ulmer, 1996). It has been suggested that the rate of substrate depletion during self-

paced endurance exercise may be tightly regulated to limit physiological disturbances and minimise the 

extent of peripheral fatigue (Abbiss & Laursen, 2008; Hettinga, De Koning, Broersen, Van Geffen, & 

Foster, 2006; Hettinga, De Koning, Meijer, Teunissen, & Foster, 2007). Untrained individuals are also 

more likely to utilise a slower start to minimise disruptions to physiological systems, and may be further 

regulated based on previous experience (Micklewright et al., 2010; Ulmer, 1996). Nonetheless, starting 

power output is known to have a significant influence on overall pacing strategy during a trial (Abbiss 

& Laursen, 2008), and further, when performance duration is blinded, athletes may consider a more 

steady power output to limit physiological disturbances due to uncertainty of the exercise bout.  As 

such, pacing profiles, including, positive, negative, even, all-out, and parabolic have been summarised 

in the table below (Table 2.1).  
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Table 2.1 Examples of pacing profiles including positive, negative, even, all-out, and parabolic. Images 

from Edwards & Polman (2012). 

Pacing Profile Description Image 

Positive  Powerful start of an event followed by a 

gradual decline in speed/ velocity 

throughout the course of the exercise 

performance. 

Decline in speed during due to a reduction 

in neuromuscular activity and metabolite 

accumulation.  

 

 
Negative Slower start to an event during the first 

half followed by an increase in speed and 

velocity during the second half. 

Increase in velocity due to opposition 

tactics and lower oxygen consumption.  

 
Even Lower starting intensity followed by a 

steady power output for the duration of 

the exercise bout.  

Even pacing may be more likely observed 

during open-loop exercise trials where 

feedback may be blinded. 

 
All-out Sub-maximal exertion during the initial 

acceleration phase and maintain the high 

intensity for the duration for the exercise 

bout. 

The purpose of applying an all-out pace 

during a short-term event is to utilise all 

anaerobic energy resources.  

 
Parabolic Characterised by a beginning and/ or end-

spurt of power.  

Parabolic pacing can result in ‘J’, ‘U’ or 

‘reverse J’ shaped strategies. 

Parabola shaped pacing profiles may be 

the collective result of teleoanticipatory 

senses, physiological feedback and 

psychological motivation.   
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2.2.3 Perceived Effort and Perceived Exertion 

Perceived effort and exertion were initially defined as “the degree of heaviness and strain experienced 

in physical work” (Borg, 1970). Interpretation of the 6 – 20 point RPE scale (Borg, 1982) is considered 

an important factor to understand the role of fatigue sensations on exercise intesnity (Eston, Varley, et 

al., 2012). As such, ‘RPE’ has been dichotomised into two scales, ratings of perceived ‘effort’ and 

ratings of perceived ‘exertion’ (Abbiss et al., 2015). As such, perceived effort is defined as ‘the amount 

of mental or physical energy given to a task’, while perceived exertion is defined as the ‘conscious 

manifestation of feelings of effort produced by exercise’ and is considered to be in response to a 

combination of psychological and physiological responses experienced during physical activity (Borg, 

1982; Tuckler, 2009). Currently, literature argues that RPE may be developed under conscious or 

subconscious control during exercise (Micklewright et al., 2016), and may contribute to the regulation 

of exercise intensity to limit disturbances to homeostasis (Noakes, 2004). Specifically, literature which 

supports the conscious development of perceived effort suggests that increased RPE may be associated 

with a lack of motivation or intent to complete an exercise bout (Borg, 1973; Pageaux et., 2014). This 

theory suggests that RPE may occur independently of afferent feedback, and may be in response to an 

increase in neural drive, hence an increase in effort, during strenuous exercise (Marcora, 2009). 

Alternatively, models outlining the subconscious regulation of perceived exertion propose that the brain 

may interpret afferent feedback  and produce a conscious indicator of fatigue relative to the work 

completed and work remaining (Tucker, 2009), in response to environmental interactions (Konings & 

Hettinga, 2018) and physioloigcal perturbations including increasing heart rate, respiratory rate and 

core temperature (Hampson et al., 2001; Rasmussen, Stie, Nybo, & Nielsen, 2004; St Clair Gibson et 

al., 2006). Tucker, (2009) has proposed that RPE is a fundamental component of the protective 

regulatory system that prevents an athlete from over-exerting and causing physiological harm and may 

mediate the anticipatory regulation of exercise. This section of the literature review will discuss how 

physiological changes, efferent motor drive, exercise workload may contribute to RPE during strenuous 

physical activity. Figure 2.5 illustrates the role of RPE on the conscious and subconscious mind in the 

regulation of exercise intensity via neural activation.  
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Figure 2.5 Illustration of the conscious and subconscious models of subjective rating of perceived 

exertion a) depiction of central governor model showing the interpretation of afferent signals and 

generation of subconscious RPE; b) depiction of the conscious elements developing the level of RPE 

and the voluntary change in drive to the active musculature. Image from Edwards & Polman (2012).  

 

The Conscious Regulation of Perceived Effort 

The conscious regulation of perceived effort is a component of the psychobiological model of fatigue 

discussed earlier. In this model, RPE is defined as the rating of perceived effort and is suggested to be 

the result of corollary discharge from neural drive to the active skeletal muscle during physical activity, 

hence is related to sensations of ‘effort’, i.e. motor command, and not ‘exertion’ (Cabanac, 2006; 

Marcora, 2009). Marcora, (2009) has proposed that the increase in central motor command during 

strenuous exercise with fatiguing motor units is directly related to the increase in perceived exertion 

experienced immediately prior to the point of exhaustion. In other words, to overcome partial 

neuromuscular weakness prompted by strenuous exercise, an increase in central motor command is 

necessary to fire additional motor units, thus, greater corollary discharge, and greater perceived effort. 

To examine if perceived effort is correlated with the magnitude of motor command, De Moree et al., 

(2012) assessed RPE, EMG and movement-related cortical potential (MRCP) using EEG during a 
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fatiguing maximal voluntary contraction protocol. The authors reported a correlation between perceived 

exertion and MRCP, and indicated that RPE was directly related to motor command from the motor 

cortex, however, the authors also acknowledged that RPE may have been related to neural centers 

upstream of the motor cortex that were not assessed. Likewise, during self-paced exercise, Pageaux, 

Lepers, Dietz, and Marcora (2014) examined the effects of response inhibition, induced by a mentally 

challenging task, on a subsequent 5 km self-paced cycling time trial and RPE. Pageaux and colleagues 

(2014) reported that response inhibition impaired the endurance performance trial, as evidenced by a 

slower average speed and completion times (+ 1.3 min) for greater perceptions of effort (+ 1.1 RPE) 

compared to the non-mentally fatigue trial. The authors suggest that higher RPE may have been the 

result of response inhibition induced by the mentally challenging task affecting willingness to exert a 

maximal effort for the 5 km duration. The authors suggested that the mental task may be have caused 

an accumulation of adenosine in the anterior cingulate cortex (ACC) area, which has previously shown 

a strong association with perceived effort (Williamson et al., 2001). However, this study did not 

examine neurophysiological data. The psychobiological model in relation to subjective feelings of 

fatigue and perceived exertion states that the down-regulation in velocity during endurance performance 

may be a conscious decision to compensate for a negative effect of cognitive effort on higher RPE 

(Pageaux, 2014), and suggests that high RPE may be a limitation to performance (Smirmaul, Dantas, 

Nakamura, & Pereira, 2013), rather than occur in anticipation of exhaustion (Tucker & Noakes, 2009). 

Furthermore, this model of fatigue suggests that perceived effort is modulated based on ‘effort-based 

decision-making control’ (Marcora, 2009), where the point of exhaustion reflects psychological 

exercise in-tolerance (Smirmaul et al., 2013). While these studies have shown that perceived effort may 

be associated with mental fatigue and high motor command, arising from the motor cortex, there is 

limited evidence to support this hypothesis using neurophysiological data and examination of regions 

across the brain, particularly regions entailing the MC, CEN and ACC.  

 

Subconscious Regulation of Perceived Exertion  

Alternatively, the regulation of perceived exertion is also suggested to occur in an anticipatory manner 

based on remaining duration and workload and physiological strain (Noakes et al., 2005; Nybo & 
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Nielsen, 2001b). Keeping in line with the anticipatory role of RPE, Tucker, (2009) has proposed that a 

theoretical RPE strategy may be applied in anticipation of exercise expectations including previous 

experience, and remaining duration. However, it is also acknowledged that the perceived exertion 

‘strategy’ may also be influenced by external environmental interactions, including components, during 

competitive events (Konings, Parkinson, Zijdewind, & Hettinga, 2018). To examine the regulation of 

RPE during self-paced exercise, Brick et al., (2016) compared pacing strategies and perceived exertion 

during 3 x 3 km time trials including a self-paced trial, a clamped RPE, and an externally-controlled 

trial. The authors reported that RPE was not different between the three conditions, however, suggested 

that the clamped RPE protocol may have negatively impacted on performance outcomes as attentional 

focus may have shifted to bodily sensations. Further Brick et al., (2016) reported that during the 

externally-controlled trial, participants may have elevated sensory monitoring (i.e. sensations of effort 

and body movement) to compensate for less demand on cognitive resources.  It was suggested that the 

change in RPE may have been subconsciously regulated due to the continual afferent information being 

provided from the cardiovascular, muscular and respiratory systems, to the brain.  

 

While it has now been established that RPE may represent feelings of ‘effort’ during exercise, it is also 

now considered that RPE may occur in an anticipatory manner in relation to a possible prediction of 

effort remaining, and is supported by research that has examined RPE and brain activity during self-

paced exercise (Nybo & Nielsen, 2001b). As such, there is emerging research supporting the 

relationship between the brain and changes in RPE (Fontes et al., 2013). For example, Périard et al., 

(2018) examined neural activity of the brain via electroencephalography (EEG) during self-paced 750 

kJ time trials in hot (35 ° C), thermoneutral (18 ° C) and hypoxic conditions (FiO2: 0.145) and reported 

that alterations of cerebro-cortico activity across the scalp may be indicative of conflicting attentional 

processioning. This study reported that RPE did not change between the environmental conditions, 

however, time to completion was faster for the thermoneutral conditions (48.1 ± 6.0 min) compared to 

hot (55.0 ± 5.0 min) and hypoxic (60.2 ± 6.8 min) conditions. Further, the authors reported their findings 

were similar to that of Nybo and Nielsen (2001b) whereby RPE and exercise capacity did appear to be 

linked as there was a decrease in EEG activity prior to a rise in RPE and exercise termination. While 
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Périard et al., (2018) did not include an exercise trial to exhaustion, the authors reported that similarities 

in the findings of the two studies were that the generation of RPE was preceded by changes at the brain, 

and further suggest that exercise capacity may have been limited by attentional processing. Considering 

these collective studies, it appears that focus during physical activity may shift to the sensory-receptors, 

including increasing physiological responses and afferent feedback from the periphery, and may in turn 

modulate power output and attenuate further increases in RPE (Tucker, 2009).  

 

Summary 

In summary, identifying the mechanisms attributed to a change in RPE during physical activity is 

complex. Though early research has acknowledged RPE to be dependent upon both changes to the 

active musculature and the circulatory system (Borg, 1973; Mihevic, 1980) more recent evidence 

suggests that physiological and psychological factors in addition to exercise expectations are also 

capable of influencing RPE (Brick et al., 2016; Marcora, 2009; Tucker, 2009). While RPE is still a topic 

of debate, there is evidence to suggest that sensory feedback with central mediation may alter perceived 

exertion based on exercise expectations, and may be accountable for altering pacing strategies during 

self-paced exercise, and exercise to exhaustion (Mihevic, 1980; Noakes et al., 2005). This theory 

suggests that RPE may be a vocalisation of cumulative afferent feedback, and may impede on efferent 

drive in order to avoid early exercise termination. However, there is discrepancy about the role of 

afferent feedback in the generation of RPE. An alternative approach suggests that RPE is a response 

generated in the conscious mind as a result of task-engagement and task-difficulty, where high RPE 

may be a limiting factor in exercise performance. Nonetheless, more conclusive neurological evidence 

is required to determine if the verbalisation of perceived exertion occurs in response to task difficulty, 

observed by changes across the motor cortex, in response to central processing of corollary discharge 

(Smirmaul et al., 2013), or in anticipation of exercise expectations and as a mediator in the regulation 

of pacing strategies (Crewe, Tucker, & Noakes, 2008; Micklewright et al., 2016). 
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2.3 Measures of Neural Activity 

The decision to stop or reduce exercise intensity is thought to occur at the cortical level, where sensory, 

afferent feedback to the CNS contributes to the decision to end exercise (Kayser, 2003). For a greater 

understanding of the central components attributed to diminishing exercise performance and volitional 

exhaustion, new evidence is needed to elucidate the relationship between cerebral function and changes 

in power output. More specifically, there is literature which examines the effect of exercise on the brain 

by utilising electroencephalography (EEG) to measure electrical activity across the scalp, and near 

infrared spectroscopy (NIRS) for an indication of oxy- and deoxygenated haemoglobin concentrations. 

When these measures are combined with peripheral electromyography (EMG), it may provide 

researchers with an indication of a relationship between physical exercise and cerebral activity. As such, 

this component of the literature review will discuss measures of central activity and how these measures, 

including EEG and NIRS, may be related to mechanisms of exercise regulation.  

2.3.1 The Brain and Exercise: 

The Prefrontal Cortex 

Literature examining the human brain during physical activity is rapidly growing in popularity, 

particularly, evidence investigating how electrical changes across the scalp are related to the function 

of tasks utilising coordinated motor skills (Bailey et al., 2008; Hilty et al., 2011; Périard et al., 2018; 

Robertson & Marino, 2015). The foremost area of the frontal lobe, referred to as the prefrontal cortex 

(PFC), has been of interest during physical activity due to the proposed role in memory and decision 

making (Enders et al., 2016; Euston, Gruber, & McNaughton, 2012). The PFC may influence motor 

plans and motivation by higher-order signalling to areas of the sensory motor and motor cortices (i.e. 

the prefrontal dependant motor areas) (Enders et al., 2016). More specifically, areas of the medial PFC, 

is suggested to be linked with motor areas (Hoover & Vertes, 2007) and further may have access to 

autonomic and skeletal muscle activity via the pre-motor area (Euston et al., 2012; Robertson & Marino, 

2016).  
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During fixed-pace endurance exercise at 60 % max aerobic power, Radel et al.,(2017) have examined 

oxyhaemoglobin concentrations of the dorsolateral (dlPFC) and medial prefrontal cortex (mPFC) 

during two 10 min exercise trials, however, during one trial, participants were instructed to cycle for 60 

min and the task was terminated at 10 min. In their findings, the authors reported a lower concentration 

of oxyhaemoglobin (~ 3 mmol/L O2Hb) for the dlPFC and higher concentration for the mPFC (~ 2.5 

mmol/L O2Hb) during the trial with longer duration exercise expectations. Reduced activity across the 

dlPFC suggests there was reduced attentional focus during the trial of anticipated longer duration. This 

finding supports previous research which suggests the dlPFC is the region of the CEN that is proposed 

to represent engagement of attentional resources (Johnson & Zatorre, 2006), while the higher 

concentration for the mPFC is considered to be representative of the ‘default mode network’ which is 

proposed to be associated with mind-wandering states and linked to resting activity (Christoff, Gordon, 

Smallwood, Smith, & Schooler, 2009). The authors propose this may have been a subconscious attempt 

to save mental resources for the anticipated 60 min trial as reduced PFC activity has also been associated 

with exercise fatigue and an inability to sustain goal-directed motor activity behaviour (Robertson & 

Marino, 2015). While the role of the PFC during exercise is not yet completely understood, we know 

that during periods of cognitive engagement, the PFC can work as an attentional processing mediator 

(Johnson & Zatorre, 2006) and has been linked to secondary actions by orchestrating coordination and 

behavioural responses (Leff et al., 2011), guiding movement (Robertson & Marino, 2015), and memory 

consolidation and planning (Euston et al., 2012).  Alas, more investigation is essential to understand the 

role of the PFC during physical activity. Specifically, evidence about the planning and decision making 

based on feedback from the periphery, and exercise expectations relating to exercise endpoint during 

strenuous self-paced exercise tasks will validate the role of the brain and the central regulation of pacing 

strategies.  

 

The Motor Cortex 

From a historical perspective, literature explaining the function of the motor cortex proposed that the 

neurons contained in the motor cortex would project down the spinal column, synapse on motor neurons 

and affect skeletal muscles (Garziano, 2011). However, recent advances in technology and new 
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evidence has allowed researchers to thoroughly investigate movement control and bare the question; 

‘what is the cause of movement and how are these movements planned?’ (Graziano, 2011). It is now 

well recognised that movement behaviour is linked with areas of the frontal lobe, and more specifically, 

has been located within the primary motor cortex (Brümmer et al., 2011). Moreover, research has been 

able to demonstrate that activity across the motor cortex appears to increase according to the physical 

demands of the exercise task (i.e. intensity) (Brümmer et al., 2011) and may be activated at the expense 

of other regions of the brain (Singh & Staines, 2015).  

 

Using EEG technology, Hilty et al., (2011) have established a relationship between sensory-motor 

pathways and the CNS by examining EEG activity at the start, end, and during the recovery period of a 

cycling test to exhaustion. The authors reported a reduction in the lagged phase synchronisation between 

two regions of interest (ROI) across the scalp, including the motor cortex and the anterior insular region, 

corresponding to the exercise endpoint. In this study, lagged phase synchronisation was calculated as 

an indication of increasing communication between the right and left hemispheres. The authors reported 

that the increased interaction between the insular cortex and motor cortex may be an indication of a 

fatigue-related neural communication network, as during strenuous physical activity the insular cortex 

may have integrated sensory information and communicated to the motor cortex upon exercise 

cessation. In addition, the role of the primary motor cortex can be quantified by utilising transcranial 

magnetic stimulation with motor-evoked potentials and EMG at the active skeletal muscle (Singh & 

Staines, 2015). During passive finger tapping movement, motor cortex excitability has been reported to 

be similar to that of active movement, supposedly due to ascending proprioceptive input (Sasaki et al., 

2017).  It has been suggested that excitability of the motor cortex may be dependent on the task at hand, 

where cortical inhibition of the motor cortex may be related to higher frequencies of movement (Sasaki 

et al., 2017). This may suggest contributions from the cerebral cortex, possibly following a top down 

effect for motor unit de-recruitment near the point of exercise exhaustion (Robertson & Marino, 2016). 

These findings suggest that not only does the motor cortex initiate movement (Enders et al., 2016), but 

also may be involved in communication about afferent proprioceptive feedback, and may be related to 

communication about homeostatic regulation in humans (Hilty et al., 2011).  
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2.3.2 Electroencephalography 

EEG is a technique which involves acquiring electrical activity across the scalp and is accepted to be a 

more accessible and less restrictive technique compared to other methods of brain activity monitoring 

due to the availability of wireless equipment. As such, measuring brain activity via EEG has been 

proposed to be an effective technique to measure perceptual, physical and emotional responses to 

exercise (Bailey et al., 2008; Nybo & Nielsen, 2001a). Specifically, EEG activity has been interpreted 

as, but not limited to, attentional processing (Périard et al., 2018), fatigue-related communication (Hilty 

et al., 2011), pleasure-displeasure (affective) responses (Tempest & Parfitt, 2016), executive control, 

motor planning and execution (Enders et al., 2016) and decision making (Euston et al., 2012), with 

responses varying across different sites of the cerebral cortex. The EEG signals reflect changes to the 

resting membrane potential produced extracellularly on the scalp (Kirschstein & Köhling, 2009). 

Specifically, EEG signals reflect the synaptic excitation of dendrites across the cerebral cortex within 

electrodes placed strategically placed over the scalp (Teplan, 2002). The most common placement of 

EEG electrodes is in accordance with the international 10-20 system to incur activity over large areas 

of the brain including the prefrontal cortex (PFC), motor cortex (MC), and frontal (F), temporal (T), 

parietal (P) and occipital (O) lobes. Frequency ranges from the EEG (brain-waves) are categorised into 

four basic groups: Delta (0.5-4 Hz), theta (4-8 Hz), alpha (8-13 Hz) and beta (> 13 Hz). The most 

commonly reported brain waves during physical activity are the Alpha (α) and Beta (β) rhythms (Enders 

et al., 2016; Fumoto et al., 2010; Robertson & Marino, 2015). The alpha brain waves are suggested to 

relay ‘normal’ rhythms of the human brain typically induced by relaxation, while during wakefulness, 

the β waves are the most prevalent (Teplan, 2002).  
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Figure 2.6 The international 10-20 system for EEG electrode placement which provides a standard set 

of positions for analyses of electrical activity across the scalp. In this image, the head is facing towards 

the top. Prefrontal cortex (Fp), frontal (F), motor cortex (C), temporal (T), parietal (P), and occipital 

(O) regions of interest. Image taken from Niu, Zhang, Warisawa, & Yamada, (2015).  

 

To interpret signals of an EEG trace, it is common to observe the synchronisation of power across 

different channels of the EEG. It is accepted that when synchrony between signals is not observed, this 

may reflect event related ‘desynchronization’ (ERD) which indicates communication activity across the 

different brain areas, which may also suggest information processing i.e. the higher cognitive demand 

of the task at hand, the higher the rate of desynchronization (Pfurtscheller & Da Silva, 1999). 

Alternatively, analysing event related signals across a given frequency range, for example alpha (α), 

Beta (β), or gamma (γ), synchrony of these EEG waves (event related synchronisation; ERS) is 

proposed to depict coherent activity (Enders et al., 2016) and can be interpreted as sensory processing 

related to motor tasks (Cassim et al., 2001).  

 

As previously discussed, EEG provides a real-time measure of cerebrocortical neural activity to assist 

in analysing specific ROIs and generate relationships between the brain, behaviour and physical activity 
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(Périard et al., 2018). Alpha wave activity is accepted to be reflective of synchronised behaviour 

between neurons (Enders et al., 2016) and may be indicative of functional activity including prediction 

and planning for physical activity (Harris, 2005). Kubitz and Mott (1996) examined changes in EEG 

during a graded-exercise test at numerous EEG sites. The authors reported an increase in EEG activity 

was present at higher workloads. Kubitz and Mott (1996) were successful in identifying that the brain 

had increased EEG activity (β increased while α decreased) during aerobic exercise across left and right 

frontal and temporal sites (F3, F4, T3 & T4). However, as this study was one of the first studies to 

examine EEG during an exercise bout in both alpha () and beta () brain waves, the methods were 

limited, and only examined the EEG activity immediately before and after a 15 min moderate intensity 

exercise bout. Since then, research has been able to further elucidate these findings suggesting theta, 

alpha and beta frequency spectrums to increase during and immediately following exercise (Bailey et 

al., 2008; Nybo and Nielsen, 2001b; Périard et al., 2018).  

 

To examine the role of the CNS moderating progressive hyperthermia during fixed-pace exercise, Nybo 

and Nielsen, (2001b) examined alpha and beta wavelengths across frontal, occipital and central sites 

during a cycling trial to exhaustion clamped at 60 % VO2max. Additionally the authors included a 

hyperthermic (40 °C) trial to induce progressive hyperthermia and compare their findings to thermo-

neutral conditions (18 °C). This study was able to determine a significant increase in EEG activity 

during the hot condition in alpha/beta frequency index across all three electrode sites while no change 

was evident for the thermo-neutral condition. Specifically, % increase from rest for alpha/beta index 

was higher at the frontal (~190 %), central (~200 %) and occipital (~ 200 %) sites during the 

hyperthermic trial compared to the control condition (~100 %, ~120 % and ~130 %, respectively). 

However, this study EEG analyses was limited to three electrode sites (F3, Oz and Cz) across the scalp. 

Likewise, Bailey et al., (2008) assessed alpha, beta and theta activity over lateral and mid frontal (F7, 

F8 and F3, F4, respectively), central (C3 and C4) and parietal (P3 and P4) sites during an incremental 

exercise trial to exhaustion. This study reported a consistent increase in activity across all sites and 

across all frequencies (alpha, beta, and theta) during the incremental exercise trial. The authors conclude 
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that the changes in alpha and beta wave activity could be the result of physiologic changes with exercise 

intensity, more specifically, the authors indicate that increasing ventilation may be driven by changes 

within the brain. However, Bailey et al., (2008) did not distinguish between the different electrode sites 

across the scalp in their findings. More recently, Enders et al., (2016) examined EEG during cycling 

exercise and reported an increase in activity across the scalp, in particular, an increase across the frontal 

lobe were observed. For this study, Enders and colleagues hypothesized that EEG activity would 

increase coinciding with fatigue development. The authors examined alpha and beta waves using a 64-

channel EEG cap during a cycle to exhaustion protocol clamped at 85 % of maximal aerobic power. 

This study reported neural activation across the sensory-motor cortex to be greatest during the 

‘extension phase’ of the cycling locomotor activity. Further, the authors reported that alpha and beta 

activity during fatigue compared to a non-fatigued state demonstrating the power of EEG was greater 

as fatigue was developing. The authors suggested this may be indicative of greater planning and altering 

motor function commands.  A common finding in studies which examine exercise behaviour and EEG 

is that alpha activity may decrease immediately post exercise, which has been proposed to be indicative 

of fatigue and reducing anxiety (Crabbe & Dishman, 2004). However, this research has only examined 

EEG immediately pre- and post-exercise trials to exhaustion.  

 

During self-paced exercise, alpha and beta waves have been found to increase synonymously upon the 

outset of exercise (Vargas & Marino, 2018). It is suggested that alpha activity during self-paced efforts 

may reflect relaxed focus and mental readiness, while beta activity may reflect focused attention 

associated with cognitive tasks (Thompson, Steffert, Ros, Leach, & Gruzelier, 2008). However, due to 

possible impedances from physiological and mechanical parameters, including sweat rate, heart rate 

and skeletal muscle activity, examining EEG activity during exercise and physical activity is inherently 

difficult (Teplan, 2002; Thompson et al., 2008). Périard et al., (2018) examined EEG responses during 

750 kJ self-paced trials in thermoneutral (18 ° C), hot (35 °C) and hypoxic (18 °C; FiO2: 0.145) 

conditions. The authors reported that alpha and beta activity increased across all sites, including, 

somatosensory cortex, motor cortex, prefrontal cortex and insula upon the outset of the exercise trials. 

However, following 30 % completion in the hot condition, there was lower alpha activity compared to 
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the thermoneutral condition (~ 3 µV2), the authors suggested that these changes in brain activity 

represent conflicting attentional processing, and diminished capacity for arousal under heat stress. 

During a self-paced, clamped RPE protocol, Vargas & Marino, (2018) examined EEG activity during 

high (RPE= 16) and low (RPE= 12) intensity exercise. The authors examined alpha and beta activity 

across the frontal, motor and parietal cortices and reported that alpha activity was greater at higher 

exercise intensities compared to lower exercise intensities. From this study, collectively with previous 

evidence (Robertson & Marino, 2015; Uusberg, Uibo, Kreegipuu, & Allik, 2013), Vargas and Marino, 

(2018) purport that alpha activity may reflect cortical inhibition, and insinuate that this may be a 

reflection of the brain controlling the flow of information during strenuous exercise. In addition, this 

study also reported that beta activity was elevated upon the outset and for the duration of the exercise 

trials and suggest this may be a reflection of efferent motor drive. These studies have further elucidated 

the role of the central nervous system, including the possible role of specific regions across the brain, 

including the PFC, MC and somatosensory cortex, in the regulation of exercise intensity. These studies 

have reported that alpha and beta waves may be related to attentional processing required to make 

decisions for an exercise bout, particularly during periods of exacerbated physiological strain (Périard 

et al., 2018). Therefore, while it is known that alpha and beta activity increase upon the outset of 

physical activity, and may then be moderated based on exercise intensity, it remains unknown if there 

is a relationship between EEG frequencies, pacing strategies and perceived exertion during self-paced 

exercise.  

2.3.3 Cerebral Oxygenation and Near-Infrared Spectroscopy  

At rest, the brain receives approximately 15 % of the body’s cardiac output (Lassen, 1959). Cerebral 

vasculature is controlled by cerebral autoregulation and partial pressure of arterial carbon dioxide 

(PaCO2) (Ogoh & Ainslie, 2009). Cerebral autoregulation is an automatic response mechanism that 

works to maintain stable blood flow to the brain during changes to arterial pressure i.e. under 

physiological stress during exercise (Querido & Sheel, 2007). Traditionally, CBF was quantified by the 

application of the Fick principle (Kety & Schmidt, 1948) by inhalation of nitrous oxide, though this 

method proved difficult and the findings were inconsistent (Querido & Sheel, 2007). Development of 
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functional NIRS technology has enabled non-invasive real-time monitoring of oxy (O2Hb), deoxy 

(HHb) and total (tHb) haemoglobin concentrations, and normalised tissue (nTHI) haemoglobin index. 

NIRS is now a common procedure to examine haemoglobin concentrations and is established to provide 

a reliable measure of cortical activation and brain function (Billaut et al., 2010; Tempest & Parfitt, 

2013). Historically, the principle of the NIRS technique dictates that the transmission of light is 

dependent on the absorption co-efficient of the substance the light travels through, this is an equation 

which was developed by German Physicist, August Beer (1953). This logarithmic calculation is termed 

as ‘Beer-Lamberts Law’ however, due to the complex nature of human structures, such as tissues and 

arteries, the Beer-Lamberts Law must be modified to apply multiple light emitter wavelengths 

(Bourdillon & Perrey, 2012).  

 

NIRS can be examined by securing light emitter and detector probes over the measurement sites that 

are proposed to cover tissue, such as, the prefrontal cortex. NIRS technology can apply calculations 

during acquisition for variables including O2Hb and HHb. A common procedure observed in literature 

may be to additionally report the difference in O2Hb and HHb concentrations (Hbdiff), tissue 

oxygenation index (TOI) which is calculated by O2Hb divided by the sum of O2Hb and HHb (Bourdillon 

& Perrey, 2012). However, the calculation of O2Hb and HHb has been reported to be influenced by 

additional superficial layers of tissue (Kimura, Ryujin, Uno, & Wakayama, 2015). Therefore, spatially 

resolved spectroscopy (SRS) methods may be incorporated into the reporting of NIRS haemoglobin 

concentrations to account for the possible influence of peripheral skin blood flow (Kimura et al., 2015). 

SRS parameters include the normalised tissue haemoglobin index (nTHI) which is typically reported in 

arbitrary units (a.u.). While the examination of cerebral haemoglobin concentrations via NIRS is a 

simple non-invasive approach, there may be some limitations to this method. These limitations include 

the difference between male and female responses to stimuli (Yang et al., 2009), the colour of skin and 

hair may influence the absorption and reflection capabilities of the light (Pringle, Roberts, Kohl, & 

Lekeux, 1999), and further metabolic demands of blood flow during exercise at low versus high 

intensities (Bourdillon & Perrey, 2012). The following section of this literature review will examine 
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NIRS methods utilised during exercise and how increasing physiological responses with increasing 

exercise intensity may influence the parameters of cerebral blood flow.  

 

Research that has evaluated oxygenated blood flow to the brain has speculated that the rate of 

oxygenation may pose a central limitation to exercise performance (Subudhi et al., 2007). A reduction 

in oxygenation of the PFC has been related to the exercising point of exhaustion, specifically at exercise 

intensities above the ventilatory threshold (Bourdillon & Perrey, 2012; Robertson & Marino, 2015; 

Rupp & Perrey, 2008). Further, the de-oxygenation of the PFC during maximal aerobic exercise is 

suggested to be linked with the conscious decision to stop exercise (Rupp & Perrey, 2008) and is 

proposed to be a limitation for exercise tolerance in humans (Robertson & Marino, 2016). While during 

the first stages of incremental exercise to exhaustion, an increase in CBF has been attributed to an 

increase in O2 demand and increasing neuronal activation (Suzuki et al., 2004), a reduction in 

oxygenation during the final stages of an exercise trial to exhaustion has been associated with feelings 

of fatigue (Bhambhani, Maikala, & Esmail, 2001). During an incremental test to exhaustion, Rupp & 

Perrey, (2008) recorded PFC oxygenation utilising NIRS and reported that upon approaching the 

ventilatory threshold and up to the point of exhaustion, a significant drop in O2Hb was detected. Rupp 

and Perrey, (2008) concluded that the role of the PFC in movement planning and decision making could 

be further demonstrated in their data as the reduction in prefrontal oxygenation occurred immediately 

prior to motor output cessation. Similarly, González‐Alonso et al., (2004) examined cerebral tissue 

haemoglobin during an exercise trial to exhaustion and compared both high and low starting core body 

temperatures, both conditions showed similar core body temperature at exhaustion (~ 39.5 °C). 

González‐Alonso and colleagues reported a 40 – 45 % reduction in regional cerebral blood flow and a 

reduction in tissue oxygenation after 90 s of exercising at a maximal intensity. However, the authors 

suggested that the reduction in cerebral oxygenation was the result of increasing O2 uptake and greater 

overall cerebral metabolism. There is speculation that the reduced O2Hb just prior to exhaustion is due 

to the regulation of regional blood flow, suggesting there is enhanced brain metabolism upon reaching 

exhaustion (Dalsgaard et al., 2004). González‐Alonso et al., (2004) have further suggested that while 

there may be a limit in O2 in the muscle upon exhaustion, the human brain may be able to attain a large 
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reserve of O2 to protect the organ from potential dangerous reductions in O2 delivery. Further, regional 

reductions in O2Hb during exercise is suggested to occur at exercise intensities exceeding the ventilatory 

threshold, and may become severe upon reaching the respiratory compensation point (RCP), where 

O2Hb may continue to decline up to point of exhaustion (Robertson and Marino, 2016).  

   

Alternatively, during self-paced exercise, Billaut et al., (2010) reported O2Hb was maintained until the 

end of a 5 km running trial when participants voluntarily increased speed during the final km. The 

authors propose that during self-paced exercise at intensities between 17-19 RPE, O2Hb may be well-

preserved and is therefore free to vary in response to external and internal physiological stimuli, 

provided feedback and knowledge of duration and heart rate are available to the participant. The authors 

conclude that in spite of a continual reduction in O2Hb, participants appeared to perform at higher work 

rates during the final stages of the trials suggesting that while deoxygenation is occurring, the rate of 

deoxygenation will not hinder anaerobic performance. As stated previously, reductions in 

oxyhaemoglobin are only evident upon reaching the ventilatory threshold, or at exercise intensities 

greater than 80 % of VO2max (i.e. above the RCP), though evidence is currently limited to mostly 

investigate exercise protocols to exhaustion. A similar study has examined oxygenated haemoglobin 

concentration in Kenyan runners during a self-paced 5 km TT. Santos-Concejero et al., (2014) reported 

that the athletes were able to maintain O2Hb following an initial increase with exercise onset, and 

coinciding with an increase in regional blood volume during the first half of the trial. The authors 

acknowledge previous findings purporting O2Hb increases with power output (Billaut et al., 2010), and 

suggest that the difference in concentrations of oxyhaemoglobin is due to the difference in pacing 

strategy between the two trials. Finally, Santos-Concerjo and colleagues concluded that the 

maintainence of cerebral oxygenation during the self-paced trials could be indicative of attenuating 

central fatigue, thereby, allowing athletes to maintain central motor drive. However, evidence to suggest 

that cerebral oxygenation may play a role in the regulation of self-paced exercise is scant, thus 

highlighting an apparent gap in the literature. 
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Summary 

In summary, while research has established that alpha and beta brainwaves may increase relative to 

exercise intensities, these findings are somewhat difficult to interpret due to varying placement of EEG 

electrodes, reporting of the different wave frequencies, and timing of EEG epoch assessments. The 

studies in this thesis will examine EEG activity during self-paced exercise to provide more evidence to 

support literature which suggests the central nervous system may be associated with the regulation of 

self-paced exercise efforts (Périard et al., 2018). Furthermore, it appears that the rate of oxygen delivery 

and perfusion across the PFC is heavily regulated during strenuous exercise above the ventilatory 

threshold, and a decline in oxygenation may predict exercise cessation; however, there is limited 

research examining cerebral oxygenation and EEG during self-paced exercise. Therefore, to further 

understand the central contributions to the regulation of pacing strategies, and concomitant effects on 

perceived exertion, more empirical EEG and NIRS evidence during self-paced trials is required.  

2.4 Deception  

Despite an abundance of literature examining the perceptual responses to exercise, it is not yet clear 

how RPE and expectations for a proceeding exercise bout, including duration, intensity and remaining 

time, can influence pacing strategies and performance. As previously discussed, there is evidence to 

suggest that RPE is influenced by exercise intensity (Ueda, Nabetani, & Teramoto, 2006), physiological 

responses (Eston, Stansfield, Westoby, & Parfitt, 2012) and/or as a result of responses from within the 

CNS (Craig, 2003). In an attempt to further elucidate how exercise and rating of perceived exertion are 

regulated, researchers have deprived athletes of knowledge relating to key physiological variables and 

expectations of the exercise bout, such as remaining time or duration. Deception studies are used to 

modify the athlete’s expectation of the exercise bout either before and/or during the activity, which will 

result in a discrepancy between the perceived demands of exercise bout and the actual demands of 

exercise (Jones et al., 2013). Deception research has utilised both self-paced and fixed-paced protocols 

to employ temporal manipulation of exercise trials, including, false information for the exercise bout 

(Baden, McLean, Tucker, Noakes, & Gibson, 2005), manipulation of time (Faulkner, Arnold, & Eston, 
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2011), intensity and duration (Pires & Hammond, 2012), and unknown duration (Micklewright et al., 

2010). However, due to the extent of different experimental designs for deception studies, controversy 

remains on how manipulation may be interpreted suggest that the brain is involved in the regulation of 

exercise performance. Studies that have extended exercise duration during an endurance event have 

suggested that due to the unexpected change in exercise duration, participants may have incorrectly 

allocated physiological and metabolic resources, therefore, performance is likely to follow more of an 

even ‘conservative’ pacing profile to reduce to likelihood of early termination (Williams et al., 2014). 

Likewise, withholding performance feedback, including remaining time and duration, participants are 

more likely select a lower work rate in an attempt to preserve metabolic resources due to the unknown 

remaining duration (Swart, Lamberts, Lambert, Lambert, et al., 2009). Finally, studies that have elicited 

deception by manipulating exercise feedback, including exercise intensity (Stone et al., 2017; Taylor & 

Smith, 2017), inaccurate feedback (Wilson, Lane, Beedie, & Farooq, 2012), and knowledge of 

competitors (Williams et al., 2016), have reported that changes in exercise intensity may be determined 

in an anticipatory manner, and pacing may be regulated by RPE. These studies will be discussed in 

greater detail in the coming paragraphs, including key variables manipulated, and findings pertaining 

to pacing strategies, perceptual and physiological responses, and central drive to the skeletal muscle 

(EMG).  Table 2.2 presents studies that have employed a variety of deception protocols and their 

findings including perceptual, physiological and performance outcomes. Studies for potential inclusion 

were retrieved via, (a) computer searches (Google Scholar and EBSCO Host) using the following key 

words: “exercise”, “deception”, “rating of perceived exertion”, “RPE”, “endurance exercise”, 

“feedback”, “manipulation”, “end-point”, and (b) manual cross‐referencing from original research 

articles as well as review articles (Billaut et al., 2011; Eston et al., 2012; Jones et al., 2013; Stone et al., 

2017; Taylor & Smith, 2017; Williams et al., 2014).



 

60 
 

Table 2.2 List of studies that have included a variety of deception approaches to examine changes to pacing strategies, physiological and perceptual responses. 

Study Participants Exercise protocol 
Variable 

Manipulated 
Measures Major Findings 

Albertus et al., (2005) 

n = 15 

M 

Trained 

20 km TT 
False duration 

feedback 

TTC 

PPO 

RPE 

HR 

 

NSD in time to completion 

↑ PO during last km in all 3x trials 

Similar pacing strategy used between all 

trials 

All participants paced according to RPE 

Ansley, Noakes, et al., 

(2004) 

n = 8 

M 

Healthy 

30 s Wingate 
Unknown change in 

exercise endpoint  

RPM 

PO 

NSD in PO during fist 30 sec of each trial  

↓ PO and FI during 36 sec deceived trial 

Baden et al., (2005) 

n = 16 

M & F 

Untrained 

20 min treadmill (75 

% peak speed, fixed 

pace) 

Unexpected change in 

exercise endpoint 

Stride frequency 

RPE 

HR 

↑ RPE between 10 and 11 min, when 

extended duration was revealed 

↓ O2 consumption during unknown 

duration trial between 19 and 20 min 

Beedie, Lane, and 

Wilson, (2012) 

n = 7 

M 

Competitive 

cyclists 

10 mile TT 
Inaccurate duration 

feedback 

TTC 

PO 

HR 

NSD in PO or time to completion 

↓ Metabolic cost, ↑ Glu during positive 

feedback compared to negative feedback 

Billaut, Bishop, 

Schaerz, and Noakes, 

(2011) 

n = 14 

F 

Physically fit 

6 s sprints 
Unexpected change in 

number of sprints 

RPE 

EMG 

PO 

↑ iEMG and PPO during deceived trial 

↓ mechanical work during unknown trial 

Corbett et al., (2012) 

n = 14 

M 

Untrained  

2 km TT 
Unknown competitor 

challenge 

TTC 

PO 

HR 

↑ Time to completion during head to head 

competition 

↑ power output during final trial due to 

anaerobic energy contribution 

Pires and Hammond, 

(2012) 

n = 8 

M 

Untrained 

Cycling trial to 

exhaustion (fixed 

intensity) 

Inaccurate intensity 

feedback 

PO 

HR 

RPE 

NSD in HR, RPE or performance  

Eston, Stansfield, et al., 

(2012) 

n = 20 

M 

Untrained 

Constant load 65 – 

70% VO2peak 

Unexpected change in 

exercise endpoint 

Unknown exercise 

endpoint 

RPE 

HR 

↑ RPE after deception instruction 

↓ RPE and HR during unknown endpoint 

trial 
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Faulkner et al., (2011) 

n = 13 

M 

Untrained 

6 km treadmill time 

trial  

Inaccurate or withheld 

distance feedback 

RPE 

HR 

 

RPE changes similar across all trials 

↓ Time to completion during no feedback  

↓ VO2, HR & metabolic rate during 

withheld feedback 

Hampson et al., (2004) 

n = 40 

M & F 

Trained 

1680 m treadmill 

(80-86% peak speed) 

Inaccurate intensity 

feedback 

RPE 

Borg Category 

scale 

HR 

Similar HR and RPE response during all 

trials 

↑ RPE for chest and legs 

Low correlation between HR and RPE 

Jones et al., (2016) 

n = 17 

M 

Trained 

4 x 16.1 km TT Inaccurate feedback 

HR 

RPE 

PO 

Speed  

↑ RPE during + 2 % feedback trial 

NSD for all other variables between – 2 % 

feedback and baseline trials 

Maughan and Shirreffs, 

(2004) 

n = 18 

M 

Trained 

4 x 4 km TT Unknown duration  

PO 

TTC 

EMG 

↓ TTC from TT1 to TT4 

↑ iEMG tracking to PO when provided 

feedback 

Micklewright et al., 

(2010) 

n = 29 

M 

Trained 

3x 20 km TT 
Inaccurate or blinded 

to feedback 

TTC 

PO 

 

NSD for TTC, PO and speed during 

inaccurate feedback trial 

↑ PO and TTC during accurate feedback 

trial 

Morton, (2009) 

n = 12 

M & F 

Untrained 

TTE (constant load: 

300 W, 90 rpm) 

Inaccurate visible 

duration feedback 
TTE ↑ TTE when clock calibration set longer  

Nikolopoulos, 

Arkinstall, and 

Hawley, (2001) 

n = 6 

M 

Trained 

34, 40 and 46 km TT 
False exercise 

endpoint expectation 

TTC 

PO 

HR 

RPE 

NSD between control and deceived trials 

of same duration 

NSD for all other variables 

Paterson and Marino, 

(2004) 

n = 21 

M & F  

Trained 

24, 30 and 36 km TT 
False exercise 

endpoint expectation 

TTC 

PO 

HR 

RPE 

↑ PO and TTC during false exercise 

endpoint 

Rejeski and Ribisl, 

(1980) 

n = 15 

M 

Physically fit 

Treadmill 85% 

VO2max  

Unexpected change in 

exercise duration 

RPE 

HR 

↓ RPE during extended duration trial 

compared to control 
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Shei et al., (2016) 

n = 14 

M 

Trained 

4x 4 km TT 

Enhanced feedback 

about previous 

performance (+ 2 %) 

PO 

TTC 

RPE 

↑ mean PO and TTC during accurate and 

inaccurate feedback trials compared to 

baseline 

NSD between accurate and inaccurate 

trials 

Stone, Thomas, 

Wilkinson, Gibson, 

and Thompson, (2011) 

n = 9 

M 

Trained 

4x 4 km TT 

Inaccurate feedback 

about previous 

performance (+ 2 %) 

TTC 

PO  

VO2 

RER 

↓ TTC during inaccurate feedback trial 

↑ anaerobic contribution to PO during 

inaccurate feedback  

Stone et al., (2017) 

n = 10 

M 

Trained  

4 km TT 

Inaccurate feedback 

about previous 

performance (+ 2 and 

5%) 

PO 

Aerobic VO2 

Anaerobic VO2 

↑ PO during trial with +2 % enhanced 

feedback vs +5% enhanced feedback.  

Taylor and Smith, 

(2017) 

n = 10 

M 

Trained  

Sprint- triathlon 

(0.75 km swim, 500 

kJ cycle, 5 km run) 

Inaccurate feedback 

about previous 

performance (+ 5%) 

RPE 

HR 

Speed 

↑ performance during trial with enhanced 

previous performance feedback 

Taylor and Smith, 

(2014) 

n = 8 

M 

Trained  

Sprint- triathlon 

(0.75 km swim, 500 

kJ cycle, 5 km run) 

Inaccurate 

performance feedback 

(± 3 % of baseline)  

TTC 

RPE 

Speed 

HR 

NSD for physiological responses between 

deceived and control trials 

↓ TTC during + 3 %  

Williams et al., (2016) 

n = 10 

M 

Trained 

16.1 km TT 

Inaccurate 

performance feedback 

(± 5 % of baseline) 

TTC 

PO 

HR 

VO2 

RPE 

Affect Score 

NSD for performance between trials 

↓ physiological responses for – 5 % trial 

↑ perceptual responses during + 5 % trial 

M male, F female, TT time-trial, TTC time to complete, PO power output, PPO peak power output, RPE rating of perceived exertion, HR heart rate, EMG 

electromyography, TTE time to exhaustion, VO2 oxygen consumption, NSD no significant difference    
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2.4.1 Externally-Paced Exercise 

Traditionally, the most popular method to observe physical work has been the fixed-intensity (fixed-

load) protocol (Decorte et al., 2012; González‐Alonso et al., 2004; Robertson & Marino, 2015; Rupp & 

Perrey, 2008). However, a key limitation of the fixed-pace protocol during experimental studies is the 

poor application into real-world/ sporting scenarios. While the ecological validity is questionable, 

studies have reported that deception of intensity or duration will negatively affect exercise performance 

as it will disrupt the predetermined effort template, and feedback and feedforward control (Eston, 

Stansfield, et al., 2012; Pires & Hammond, 2012). Moreover, these studies purport that when blinded 

to exercise duration and intensity, the change in RPE may be mediated by afferent feedback (Hampson 

et al., 2004), which may be in favour of the complex system of exercise regulation (Lambert et al., 

2005).   

 

To examine the effect of deceiving triathletes of accurate performance feedback, Taylor and Smith 

(2014) manipulated treadmill speed during a sprint distance triathlon (0.75 km swim, 5 km run and 25 

km cycle). During the first 1.33 km of the running protocol, the treadmill speed was set at identical to 

baseline performance, however, for the remaining 4.67 km, treadmill speed was unknowingly either 

increased (+ 3 %) or decreased (- 3 %) compared to mean baseline performance. The authors reported 

that despite the varying change to the exercise intensity, there was no change between the trials for 

RPE. The authors proposed that a more aggressive pacing strategy, as evidenced by a faster starting 

pace, is indicative of a possible performance reserve which is accessible by applying deception mid-

event. Likewise, Hampson et al., (2004) examined the effect of manipulating submaximal running 

speed. For this study, participants completed three trials at 80, 83 and 86 % of peak individual running 

speed and were either informed of the true running speed or were informed each trial was maintained 

at 83 % of peak running speed. The authors reported no differences between conditions for RPE or for 

heart rate in spite of being informed of the true exercise intensity or not. The authors suggested that 

these findings support previous evidence which proposes a ‘system’ for afferent feedback interpretation 

may mediate the conscious perception of effort, and may monitor high intensity exercise at a 
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subconscious level. External disruption to RPE has been shown when there is psychological and 

physical uncertainty invoked by deliberate deception during fixed intensity exercise (Baden et al., 

2005). For example, Eston Stansfield, et al., (2012) compared 20 min unknown duration, 20 min known 

duration and 10 min duration with unexpected 10 min increase in duration clamped at 65 % of VO2max. 

The authors reported that when exercise duration was unexpectedly extended by 10 min, RPE increased 

from ~12 to ~13.5 while there was no change evident for heart rate or oxygen consumption. In addition, 

when duration of exercise was unknown, heart rate was lower. Eston and colleagues suggest that lower 

heart rate for the same exercise intensity may have been a subconscious attempt to conserve energy. 

While these studies report disparity in the reported RPE, they collectively show that fixed pace protocol 

may elicit a disturbance to the feedback and feedforward regulation of performance. Further, these 

studies have suggested that some subconscious energy conservation may be employed when 

information is withheld, and that RPE may be mediated by interpretation of afferent feedback and 

knowledge of the exercise end-point (Eston, Stansfield, et al., 2012).    

 

2.4.2 Self- Paced Exercise 

Generally, pacing strategies during exercise are determined by examining the distribution of power 

output (velocity) or energy expenditure over a period of time. The distribution of power during the 

course of an exercise bout is commonly observed during self-paced efforts where an athlete may be 

instructed to complete a given duration in the fastest time possible, or complete a given time covering 

as much distance as possible. The mechanisms responsible for the distribution of power are still under 

debate and are commonly questioned in regards to the contributions from subconscious or conscious 

processes (Micklewright et al., 2016). Self-paced exercise trials have also demonstrated that exercise 

cessation may occur when the predetermined (anticipated) exercise criteria has been achieved (Marino, 

2012). Therefore, understanding the role of anticipatory regulation during self-paced exercise may be 

enhanced by manipulating expectations prior to and during the exercise protocol (Jones et al., 2013).  
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To examine the effects of influencing starting pace during five repeated 16.1 km time trials Williams et 

al., (2016) elicited two baseline trials followed by three trials with an avatar riding at 100%, 105% or 

95% of their fastest baseline performance in a randomised order. Participants in this study were unaware 

of the change in the avatar pace, however, this did not differ in the completion times of the 16.1 km 

trials. The authors proposed that the lower starting pace (95 % trial) and lower coinciding physiological 

responses (i.e. heart rate) allowed participants to increase exercise intensity to complete the trial in a 

similar time to 100 % of baseline performance, consequently, vice versa would apply for the faster 

starting pace (105 % trial). Alternatively, during short-term high-intensity exercise bouts, Billaut et al., 

(2011) examined the influence of knowledge of number of 6 s sprints. The authors compared 10 x 

known number of sprints, 10 x unknown number of sprints and 5 x known with 5 x extended number 

of sprints during the exercise bout. Billaut and colleagues reported that during the first 5 sprints, total 

work completed was greater during the extended trial (83.3 ± 7.5 J.Kg-1) compared to the known (78.6 

± 8.2 J.Kg-1) and unknown (77.9 ± 6.8 J.Kg-1) trials, further, EMG activity was also higher during the 

first five sprints for the extended trial (0.34 ± 0.04 V.s) compared to the known (0.32 ± 0.02 V.s) and 

unknown (0.31 ± 0.02 V.s) trials. The authors suggested that in anticipation of the short number of 

sprints, participants modulated EMG output to achieve a higher work rate for the first half of the trial, 

however, these differences were no longer evident when the true expectations of the trial had been 

revealed. In addition, during the unknown trial, power output was lower for sprints 1 – 5 and therefore, 

cumulated mechanical work over sprints 1 – 10 was also lower. The authors suggest that despite an 

effort to complete maximal sprints, the unknown duration of the task lead participants to be more 

economical in their distribution of physiological and neuromuscular resources. Furthermore, in spite of 

different EMG activity, mechanical work and power output between the trials, RPE was not different. 

The authors have suggested this may be related to the ‘anticipatory model of exercise regulation’ as per 

Tucker, (2009), where the change in RPE may be based on previous experience and moderated by the 

sum of the afferent sensory feedback.  

 

These studies show that pace is continually moderated during an exercise bout, and when deceived of 

the true expectations, pacing strategies and may be further impeded by changing RPE. It has been 
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suggested that these findings are indicative of a complex system of performance regulation involved in 

the planning and execution of motor tasks and EMG distribution. Addressing how deception can 

influence perceptual, physiological and central mechanisms of exercise performance will be discussed 

in the following section of this review by examining literature that has utilised a variety of exercise 

deception approaches.  

2.4.3 Temporal Manipulation  

Temporal manipulation of exercise expectations may include; shortening or extending the exercise 

endpoint (Baden et al., 2005), false-positive or false-negative feedback on exercise duration (Beedie et 

al., 2012), or unknown exercise intensity and duration (Hampson et al., 2004; Jones et al., 2013). 

Deception studies have become more prevalent during recent years with the most commonly employed 

approach to deceive participants by manipulating pre-exercise expectations and provide inaccurate 

and/or no feedback concerning the exercise performance (Billaut et al., 2011; Jones et al., 2013; Mauger 

et al., 2009). Figure 2.7 depicts examples of how current literature has utilised deception, including 

deviation from pre-exercise and/ or mid-event expectations of the exercise bout to examine self-paced 

performance outcomes. In particular, Figure 2.7 has been adapted from the theory of complex systems 

governing exercise intensity to represent studies that have eluded to some involvement from the CNS 

when perceptions of the exercise bout are deceptively manipulated. The following sections of this 

literature review will discuss specific types of temporal manipulation including, deception of distance, 

deception of duration and unknown exercise duration (i.e. open-loop exercise).  
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Figure 2.7 Schematic summary of deceptive interventions that have been previously manipulated to 

examine changes in pacing and exercise regulation. Figure from Williams et al., (2014).  

 

Withholding Task-Related Feedback 

Knoweldge of exercise endpoint, environmental conditions and previous experience are now well-

established to influence pacing during exercise performance (de Jong et al., 2015). Predominantly, 

knowledge of exercise endpoint is a key factor for adaptive pacing stratgies during endurance events as 

the decline in power output during the mid-trial, and an increase (end-spurt) in power output during the 

end of a trial will be heavily depedant on this information (Mauger et al., 2009). However, during open-

loop exercise where remaining duration is unknown, pacing will typically follow more of an economical 

pacing approach (Williams et al., 2014). Utilising an unknown, or open-loop duration trial is thought to 

be an effective method to examine the anticipatory regulation of pacing strategies as athletes are not 

able to apply a pre-exercise plan of work distribution (Paterson & Marino, 2004).  

 

To examine anticipation of exercise endpoint, RPE and running economy following manipulation of 

duration without participant’s knowledge Baden et al., (2005) employed 16 well-trained female runners 

to complete three trials at 75% peak running speed. Trials included; 1) informed 20 min, 2) were 
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informed to run for 10 min and at 9 min told to run further 10 min (20 min total), and 3) unknown 

distance (stopped after 20 min). When exercise endpoint was modified during the exercise trial, RPE 

increased significantly during the 10 min trial at the 11th minute compared to the other trials. Moreover, 

during the trial with unknown distance, lower oxygen consumption for similar RPE and similar HR 

were also reported. Specifically, when duration was unknown, O2 consumption was ~4 ml.kg.min-1 

lower compared to the known duration trial. The authors in this study were unable to identify a 

relationship between perceived rate of work and actual power produced at the muscle due to lack of 

neuromuscular performance data. However, other measured variables, including heart rate and stride 

frequency were not affected by misinformed exercise duration, indicating that the change in RPE was 

not affected by rise in heart rate. During self-paced exercise, Swart et al., (2009) have shown that power 

output and RPE were reduced during a 40 km cycling TT when no information about task-related 

feedback provided. Swart and colleagues reported that RPE increased in a linear fashion with power 

output, however, the rate of increase in RPE was changed in relation to certainty of exercise endpoint 

and exercise duration. The authors also reported that when participants were unsure of exercise duration, 

the strategy of perceived exertion was selected to ensure metabolic reserve capacity was maintained. 

However, this study did not assess any physiological responses during the known and unknown exercise 

trials. Alternatively, during high-intensity anaerobic exercise, Ansley, Noakes, et al., (2004) have 

demonstrated that anticipatory regulation may be present during Wingate anaerobic tests including three 

known and three unknown duration trials. Participants were informed they would be completing 4 x 30 

s, 1 x 33 s and 1 x 36 s trial, when actually, they completed two trials of each duration. The authors 

found power output was similar for the first 30 s of each trial, however, power output was significantly 

reduced during the final 3 s of the 36 s trial, indicating an interruption to the pre-exercise expectations. 

The authors suggested pacing during a 30 s effort may be centrally mediated, and may be independent 

of peripheral fatigue, as a similar pacing strategy was used during all informed duration trials, and a 

decline power output occurred when the trial was 6 s longer than anticipated duration. Collectively, 

these studies have  suggested that exercise may be regulated in an anticipatory manner as high power 

outputs could not be obtained when no information about remaining duration was provided compared 

to trials where accurate performance feedback was provided. During endurance exercise, it appears that 
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exercise may be regulated based on the collective sum of sensory feedback from the periphery and 

adapted in a teleoanticipatory fashion (Abbiss et al., 2015; Swart et al., 2009).  

 

Manipulation of Distance 

Temporal manipulation of the total exercise distance to be completed is a common approach to deceive 

participants of the anticipated exercise expectations. This method can be instilled during (Radel et al., 

2017) or upon expected completion of the prescribed exercise bout (Williams et al., 2014). To examine 

the effect of modifying distance feedback on pacing strategies and perceived exertion during 4 x 20 km 

self-paced cycling time-trials, Albertus et al., (2005) employed a protocol where 15 participants were 

provided with correct and incorrect 1 km distance splits (-0.25 km – 1.25 km). Interestingly, the authors 

observed similar finishing times for all trials despite correct or incorrect distance feedback. Moreover, 

Albertus and colleagues reported that perceived exertion was not different while heart rate responses 

were varied between the control and deceived respective exercise trials. The authors proposed that their 

findings highlight the existence of a pre-acquired pacing strategy and suggest that pace is not altered by 

the variability in performance feedback. Similarly, Faulkner et al., (2011) examined the effects of 

distance feedback during 4 x 6 km self-paced treadmill time trials. The authors employed a strategy to 

provide 13 male participants with accurate, nil, premature or delayed distance feedback during the trial. 

This study reported an increased time to completion for the nil feedback trial compared to all other trials 

(~ 5%) in spite of similar RPE scores between conditions. From their findings, Faulkner et al., (2011) 

conclude that if performance feedback is false positive (indicating greater work to be completed), 

participants increased work rate (running velocity) for the same RPE. Furthermore, this study also 

reported that no feedback about exercise duration was more detrimental to performance outcomes than 

inaccurate feedback. It has been suggested that deception of remaining duration may influence exercise 

performance by adjusting power output as a counteractive mechanism for the unknown circumstances 

(Billaut et al., 2011). This change in power output when duration is reduced or extended compared to 

pre-exercise expectations has been interpreted to suggest that there is evidence of a reserve capacity 

(Stone et al., 2017). Collectively, these studies suggest that deception protocols utilising manipulation 

of duration indicate some metabolic and/ or performance reserve as performance (i.e. power output) 
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may be greater when accurate distance feedback is provided compared to inaccurate feedback about 

remaining duration for similar RPE (Billaut et al., 2011; Faulkner et al., 2011; Paterson & Marino, 

2004) and similar physiological responses (Beedie et al., 2012; Mauger et al., 2009). It is suggested that 

this performance reserve is due to the uncertainty athletes may feel towards their adopted pacing 

strategy for the upcoming event, and therefore may withhold some physiological resources in 

anticipation of further physical activity (Stone et al., 2017). Furthermore, physiological and 

performance reservations may indicate some involvement from the central nervous system regulating 

distribution of motor firing rate, however, there is no evidence pertaining to deception of distance 

utilising concurrent measurements of neurophysiological, neuromuscular and perceptual responses.  

 

Manipulation of Duration 

Duration has also been implemented as a deception method in order to elucidate how the CNS may 

regulate exercise intensity if duration differs to what is expected (Enders et al., 2016; Paterson & 

Marino, 2004) . To examine the effects of unexpected change in exercise duration on RPE Rejeski & 

Ribisl, (1980) instilled an exercise trial whereby running distance was terminated prior to expected 

exercise duration. The authors instructed 15 male participants to complete two 20 min running trials at 

85% VO2peak. However, during one trial, participants were instructed to run for 30 min though exercise 

was terminated at 20 min. The authors reported that RPE was influenced by the altered exercise duration 

as RPE in the 30 min trial was lower than the 20 min trial, furthermore, it was also reported that heart 

rate, respiratory rates and ventilatory volumes did not have appear to have any effect on perceived 

exertion. Based on their findings, Rejeski & Ribisl, (1980) suggested that in anticipation of a longer 

duration exercise bout, RPE may have been moderated based on increasing heart rate and core 

temperature. The authors proposed that afferent feedback could not be ignored by the athlete during the 

exercise bout, which may have resulted in increased rating of perceived work. Likewise, Paterson and 

Marino, (2004) aimed to examine the effect of deceiving participants of duration, though in contrast the 

authors utilised self-paced cycling protocols. For this study, participants completed three self-paced 

trials consisting of a 24, 30 and 36 km durations, however, participants were instructed that the three 

trials were identical and 30 km in length. Between the three durations, heart rate and RPE were not 
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different. The authors suggest that RPE may have been regulated to stay within metabolic limitations, 

and therefore, changes in power output may have been modified thereafter based on RPE. The authors 

further suggest that their data presented some consistency with the teleoanticipation model of fatigue 

as participants appeared to control exercise intensity by down-regulating power output to avoid 

premature fatigue and irreversible physiological harm. It has been proposed that the deception of event 

expectations are likely to influence an athletes perceptions of afferent feedback, and therefore, the 

subsequent pacing profiles and perception of effort are likely to reflect more of a conservative approach 

(Taylor & Smith, 2017).  In a more recent study, Radel et al., (2017) exmained haematological changes 

across the dorsolateral and medial-frontal areas of the prefrontal cortex during an exercise trial where 

duration was unexpectantly changed. This study included two cycling trials expected to be 10 and 60 

min duration, however, during the 60 min trial, participants were informed to stop cycling at the 10 min 

mark. The authors reported that despite differences in activity across the PFC in anticipation of the 

longer exercise bout, as discussed earlier in this literature review, there was no differences between 

conditions for RPE. However, the authors also acknowledge that the 10 min duration may not have been 

enough to incur sufficient differences between the conditions. Currently, this is the only study that has 

exmained deception of exercise duration on neurophysiological responses, however, the authors were 

not able to provide evidence about changes in pacing strategies as the exercise intensity was fixed pace.  

Therefore, more research is required to examine changes across the cerebral cortex when exercise 

duration is manipulated, particularly during self-paced efforts, to examine how the brain may interpret 

and respond to an unexpected change in workload.  

 

In summary, withholding information about remaining duration appears to be more detrimental to 

performance and pacing strategies than manipulating exercise duration throughout an exercise trial 

(Billaut et al., 2011; Eston, Stansfield, et al., 2012; Swart et al., 2009). It appears that when participants 

are not informed of the exercise duration, they are less capable of producing higher power outputs, and 

will therefore be more detrimental to performance outcomes. It has been suggested that lower exercise 

intensities typically observed during open-loop exercise may be a consequence of unknown 

circumstances and may indicate some reserve capacity to save metabolic resources in anticipation of 
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the unknown exercise duration (Faulkner et al., 2011; Jones et al., 2013). Furthermore, it is also 

suggested that the application of an even pacing strategy during an unknown duration exercise trial may 

be based on previous exercise concurrently with afferent physiological feedback and RPE (Billaut et 

al., 2011; Paterson & Marino, 2004). However, while this may be apparent, the central mechanisms 

responsible for the regulation of intensity and change in RPE during open-loop exercise bouts are 

inconclusive.  

 

Summary 

The teleoanticipatory model of exercise regulation provides a foundation for understanding how 

exercise performance may be continuously adjusted based on the exercise endpoint.  Current evidence 

utilising temporal manipulation supports the existence of a teleoanticipatory response (Mauger et al., 

2009; Micklewright et al., 2010; Taylor & Smith, 2014), as exercise intensity may be reduced when 

discrepancy in work rate, exercise duration or sensory feedback may be detected (Abbiss & Laursen, 

2005). This model has since been extended into the central governor model, which provides a deeper 

understanding of the role of how the CNS may respond to discrepancies within the periphery, and 

modulate performance accordingly. However, there appears to be a gap in this literature, as cerebral 

responses to unexpected and unknown changes in exercise duration have not yet been extensively 

examined. Accordingly, this thesis will implement a number of self-paced trials whereby exercise 

endpoint will be manipulated or will remain unknown to elucidate current findings pertaining to 

perceptual and physiological responses and corresponding pacing strategies with the novel inclusion of 

neuromuscular and neurophysiological responses. As such, evidence to suggest that changes in exercise 

performance are pre-empted by centrally-mediated responses when an unexpected change in exercise 

endpoint occurs is yet to be established.  

2.5 Hyperthermia and Dehydration   

There is an abundance of literature which examines the negative effect of high thermal environments 

on exercise performance (Abbiss & Laursen, 2005; Flouris & Schlader, 2015; González-Alonso et al., 
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2008; Nybo & Nielsen, 2001a), moreover, the negative effects of dehydration on exercise performance 

have also been demonstrated (Adams et al., 2018; Gopinathan, Pichan, & Sharma, 1988; Grandjean & 

Grandjean, 2007; James, Moss, Henry, Papadopoulou, & Mears, 2017). Current research demonstrates 

that performance impairments may be relative to the degree of dehydration experienced and become 

significant with at least a 2% body weight loss (Cian et al., 2000; Gopinathan et al., 1988; Rodrigues et 

al., 2014). There is growing interest in manipulating fluid allocation following periods of hyperthermia 

to determine if fluid replacement during bouts of physical activity can negate the detrimental effects of 

dehydration (Adam et al., 2008; Cian, Barraud, Melin, & Raphel, 2001; Skein & Duffield, 2010). 

Pioneering research has determined that fluid replacement greater than 85 % of sweat losses will reduce 

cardiovascular strain during exercise in hot environments (Montain & Coyle, 1992), which may be 

related to performance improvements (Goulet, 2011). However, if fluid replacement is not available, 

self-paced exercise may be down-regulated in hot environments as the CNS may reduce on motor drive 

to minimise physiological disruption (Nybo & Nielsen, 2001a). It has also been reported that restricting 

or limiting fluid intake sensations of thirst, thermal sensation and perceived exertion are notably higher 

compared to exercise in thermoneutral environments (Adams et al., 2018; Flouris & Schlader, 2015; 

James et al., 2017; Zimmerman et al., 2017), and therefore may contribute to exercise regulation. This 

section of the literature review will evaluate aspects of hyperthermia and dehydration including exercise 

in the heat and the impact of hot environments on exercise performance, methods of dehydration, and 

the effects of fluid provision and restriction. More specifically, the first subunit of this section will 

highlight the effects of both heat and dehydration as separate entities which impede on exercise 

performance followed by neuromuscular responses and accompanied subjective strain that is often 

reported during endurance exercise in hot conditions.  

 

2.5.1 Exercise in the Heat 

During strenuous exercise, there is a demand for skin and muscle blood flow to increase, which is 

further compounded in hot conditions, as such, the deleterious effects of hot environments and 

successive hyperthermia on endurance exercise performance have been well-established (Altareki et 
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al., 2009; Duffield, McCall, Coutts, & Peiffer, 2012; González-Alonso et al., 1999). The detrimental 

effects hot environments on self-paced exercise has been reported during both laboratory (Ely et al., 

2009) and field-based studies (Duffield et al., 2012; Sawka et al., 2001). It is now accepted that 

significant perturbations to physiological and perceptual responses during exercise in the heat are 

responsible for the decline in performance (Cheuvront et al., 2010; Ely et al., 2009; Hayes, Castle, Ross, 

& Maxwell, 2014; Tucker et al., 2004). Specifically, exercise induced hyperthermia, including elevated 

core temperature and heart rate, may exacerbate afferent sensory back (Nybo & Secher, 2004) which in 

turn is suggested to reduce drive to the skeletal muscle (Marino et al., 2010), ultimately impeding on 

performance outcomes.  

 

To examine the effects of hot (40 °C) versus cold (20 °C) environments on self-paced cycling, Périard, 

Cramer, Chapman, Caillaud, and Thompson, (2011) instructed eight endurance trained cyclists to 

complete 2 x 40 km cycling time trials in a randomised fashion. The authors reported that participants 

in the hot condition showed an increase in time to completion (+ 4.5 min) due to substantially lower 

mean PO (-37.3 W) and lower oxygen consumption during the hot condition compared to the cold 

condition (76.8 % and 94.8 %, respectively). The authors suggested that the lower power output and 

slower time to completion was related to the degree of cardiovascular strain induced by exercise in a 

hot environment. Specifically, this study demonstrated higher heart rates for lower stroke volume, mean 

arterial pressure and cardiac output in the hot environment which increased the relative exercise 

intensity and reduced power output. This is similar to Ely et al., (2009) who reported time to complete 

an 8 km self-paced running trial in a warm environment (27° C) was 1.5 % longer than an identical trial 

in a cool environment (13° C). The overall slower time to complete was the result of greater reduction 

in power and lower oxygen consumption in the warm environment, however, heart rate responses were 

not different between the warm and cool environments. The authors reported that their findings support 

the integrated fatigue phenomenon as rate of rise in physiological responses, including heat storage and 

heart rate, may have been mediated by interplay from multiple physiological systems. During short-

duration, high intensity efforts, Altareki et al., (2009) have demonstrated a 1.9 % increase in time to 
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complete 4 km cycling trials hot (35 °C) compared to cool (13 °C) environments attributed to a 

consistently lower power output. The authors also examined thermoregulatory responses and reported 

that skin and core temperature and rate of heat storage was greater hot conditions, any may have 

attributed to the decline in power output in an anticipatory manner. Collectively, the lower exercise 

intensities during self-paced exercise in hot conditions is thought to be the result of increasing 

thermoregulatory and cardiovascular strain compounding on physiological methods of heat dissipation. 

It appears that in an effort to maintain thermal homeostasis, and minimise accumulating heat strain, the 

rate of rise in heat storage is mediated by a decline in power output, which may be governed in an 

anticipatory manner by the CNS (Nybo & Nielsen, 2001a; Schmit et al., 2016).  

 

Dehydration and Exercise  

Exercise in the heat further compounded by dehydration is also known to negatively impact 

performance (Adams et al., 2018; Cheung et al., 2015; Sawka & Noakes, 2007). Excessive demand on 

the thermoregulatory system is developed as dry heat exchange between body and environment 

becomes impaired (Wendt et al., 2007), and as dry heat methods are ineffective during hot, humid 

environments, evaporative heat-loss increases by the secretion of fluid onto the skin via sweat glands 

(Cheung et al., 2000). The high sweat-rates associated with strenuous exercise in hot environments, 

particularly with limited fluid availability or fluid restriction will exacerbate hyperthermia and further 

reduce stroke volume (Cheuvront et al., 2010), generating conflict within the CNS for heat dissipation 

and oxygen demand for the working musculature. Therefore, the demand for oxygenated blood flow to 

the working musculature cannot be met, and may be superimposed by the demands of increasing blood 

flow to the skin for heat dissipation (Gonzales-Alonso et al., 2008), resulting in a decline in oxygen 

consumption and exercise intensity (Ely et al., 2009).  

 

To investigate the notion that increasing core temperature and rising heart rate and declining stroke 

volume are related with the degree of dehydration accrued, Montain and Coyle (1992) examined 

different rates of dehydration during fixed pace cycling. The protocol included 2 h steady state (67 % 

VO2max) cycling in a warm environment (32.7 °C) with various volumes of fluid replacement including, 
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20 % (small), 48 % (moderate) and 81 % (large) of sweat lost. During each trial, core temperature, 

cardiac output and forearm blood flow were examined. The authors reported that the change in blood 

volume, stroke volume and cardiac output were easily maintained with the highest rate (81 %) of fluid 

replacement. Further, cardiovascular drift, i.e. the increase in heart rate with no increase in exercise 

intensity, was the response of higher core temperatures and fluid loss by sweat, and could be negated 

with greater fluid replacement. More recently, James et al., (2017), examined the implications of 

dehydration on 15 min all-out cycling performance, however, hydration status was blindly manipulated 

by combining oral and intragastric rehydration methods. The authors reported an 8 % reduction in the 

amount of work completed during the last 10 min when no fluid replacement was provided, indicating 

reduced exercise capacity, and higher HR and RPE for the dehydrated condition compared to the 

euhydrated condition. Logan‐Sprenger et al., (2015) also examined changes in core temperature, heart 

rate and plasma volume during a dehydration protocol and a succeeding 6 kJ.kg-1 body mass cycling 

time trial. Compared to a control (euhydrated) condition the dehydration condition demonstrated a 

slower time trial performance (-13 %), which was attributed to diminished physiological state. More 

specifically, upon completion of the time trial, dehydrated participants showed higher core temperature 

(+3 %), and decreased plasma volume (-11 %) compared to the euhydrated condition. The authors 

propose that during exercise, sensory feedback from the periphery, which contains information about 

cellular hydration and hyperthermic status, may have compounded the efferent feed-forward, which in 

turn lead to the down-regulation in exercise intensity to prevent early termination of the exercise bout. 

Moreover, this study also reported a 3 % increase in  carbohydrate oxidisation when dehydrated, 

consistent with previous findings (Hargreaves, Dillo, Angus, & Febbraio, 1996), which is speculated to 

be the result of higher muscle temperature, and increase in the rate of glyconeogensis during mild 

dehydration (Logan‐Sprenger et al., 2015).  

As such, the cardiovascular limitations to exercise in the heat appear to be somewhat dependant on the 

availability of fluid replacement to maintain adequate stroke volume and to assist in increasing blood 

flow to the skin for dissipation methods (Adams et al., 2018; Cheung et al., 2015). However, without 

the ability to consume adequate fluid replacement, hypovolemia induced by rapid fluid loss due to high 

sweat rates, will reduce ability to utilise oxygen and thereby reduce aerobic performance capacity 
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(Cheuvront et al., 2010). Moreover, it appears that the regulation of self-paced exercise during 

hyperthermia with compounding dehydration may be moderated in an anticipatory manner to offset 

greater physiological strain (Altareki et al., 2009; Nybo & Secher, 2004; Tucker & Noakes, 2009).  

 

Methods of Dehydration 

Typically, exposure to hot environmental conditions will elicit some degree of dehydration. As 

previously established, the degree of dehydration achieved will coincide with decrements in physical 

performance typically observed when the degree of dehydration achieved is greater than 2 % loss of 

body weight loss (Adam et al., 2008; Grego et al., 2005; Judelson et al., 2007). In order to achieve 

dehydration in addition to exposure to extreme conditions, methods of dehydration are reported in 

disparity. For example, both active and passive methods are proven to elicit dehydration to a desired 

goal, however, there needs to be consideration applied to the degree of fatigue that may occur as a result 

of active dehydration. Table 2.3 highlights previous literature that has instilled a variety of active and 

passive methods to achieve dehydration, the degree of dehydration achieved and the protocols applied. 

Studies for potential inclusion were retrieved via, (a) computer searches (Google Scholar and EBSCO 

Host) using the following key words: “exercise”, “dehydration”, “euhydration”, “RPE”, “endurance 

exercise”, “heat”, “hot environment”, “thermoregulation”, “hypohydration” and (b) manual cross‐

referencing from original research articles as well as review articles (Abbiss and Laursen, 2005; Adams 

et al., 2018; Cheung et al., 2015; James et al., 2017; Sawka & Noakes, 2007).  
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Table 2.3 List of studies that have included dehydrated participants ≥ 1 % of body mass loss using a variety of methods 

Study Participants Ambient 

Temperature 

(°C) 

Dehydration Protocol  Time (min) Body Mass 

Difference (kg) 

Change in 

Body Mass 

(%) 

USG 

(mmol/L) 

Adam et al., (2008) 8 (6 M + 2 F) 45 P 180  - - 3.0 -  

Adams et al., (2018) 7 M 35 55 % VO2peak 120  - - 1.8 1.012 

Bardis et al., (2013) 10 M 33 70 – 75 % MHR 60  1.4 - 1.7 1.028 

Cheung et al., (2015) 11 M 35 50 % VO2max 90 2.59 - 3.2 1.021 

Cian et al., (2001 7 M 45 – 50 P 120  - - 2.8 - 

Gonzalez-Alonso et 

al., (1999) 

7 M 40 60 % VO2max TTE   - 

Gopinathan et al., 

(1988) 

11  45 15 steps/min  TTD - - 1.0 – 4.0 - 

Grego et al., (2005) 8 M 20 – 21 60 % VO2max 180 3.0 - 4.1 - 

Hamilton et al., (1991) 10 - 22 70 % VO2max 120 2.09 - 2.9 -  

James et al., (2017) 7 M 34 50 % PPO 155 1.8 - 2.4 -  

Judelson et al., (2007) 7 M 36 – 37 FR + 1.5 m.s-1 @ 3 % 

grade  

TTD 2.4 – 4.8 - 2.5 - 5.0 1.027 
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Logan-Spreneger et 

al., (2015) 

9 M 23 FR + 65 % VO2peak 90 1.8 - 2.3 1.024 

Nielsen et al., (2001) 7 M 42 60 % VO2max TTE - - 1.7 -  

Paik et al., (2009) 10 M - P 180 - - 3.0 -  

Periard et al., (2011) 8 M 38 60 % VO2max TTE 0.718 - 1.0 -  

Periard et al., (2011) 8 M 41 HWI 45 0.687 - 1.0 -  

Rodrigues et al., 

(2014) 

10 M 36 – 37 100 W  TTD 1.5  - 2.0 1.024 

Schlader et al., (2015) 11 M 41 55 % VO2peak 90 1.7 - 1.9 -  

Stewart et al., (2014) 7 M 37 50 – 60 % PPO 120 2.8 - 3.8  - 

USG urine specific gravity, M male, F female,  P passive, MHR maximum heart rate, VO2max maximal oxygen consumption, VO2peak peak oxygen consumption, PPO peak 

power output, TTE time to exhaustion, TTD time to dehydration, FR fluid restriction, HWI hot water immersion.  
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Following the foundational dehydration methods applied by Gopinathan (1988) to examine the effects 

of dehydration of army personnel, research has established that dehydration can be achieved utilising 

more simple methodology. For example, Logan-Sprenger and colleagues (2015) utilised a longer 

duration dehydration method preventing participants from consuming fluids 12 hr prior to exercise 

testing and during successive exercise bouts. The authors reported that prior to a fluid restricted 90 min 

steady-state exercise trial, participants showed 0.6 % loss of body weight and following the 90 min trial, 

dehydration increased up to 2.3 % loss of body weight indicating sufficient dehydration had been 

achieved. More recently, Adams et al., (2018) employed a strategy to dehydrate participants up to 2 – 

3 % body weight loss. Adams and colleagues used an active method having participants cycle at 55 % 

of VO2max for 2 hrs in a heat room (35 °C). Following the steady state cycling, participants achieved 2.2 

% body weight loss, and it appeared that the degree of exercise fatigue incurred during the low intensity 

protocol was not significant enough to impact on succeeding 5 km TT. Alternatively, passive 

dehydration methods have also been reported as being successful in dehydrating individuals to illicit a 

sufficient degree of dehydration (i.e. > 2 %), though are less time efficient. For example, Paik et al., 

(2009) demonstrated that 3 % body weight loss could be achieved by sitting in a sauna for 3 hrs. 

Similarly, Adam et al., (2008) placed participants into a hot room (45 °C) to remain seated for 3 h. 

During this study, the authors also provided participants with a small 200 kcal meal and 200 mL water 

to ensure that they were able to sustain energy for a succeeding 1 hour cognitive function examination 

before and after a 1 h cycling protocol at 60 % VO2peak. While both passive and active methods of 

achieving dehydration are both effective in achieving minimal 2 % of body weight loss, the most time 

effective method is to employ active protocols, however, active protocols may in turn elicit thermal 

strain, utilise available substrates and may employ some degree of muscle fatigue (Rodrigues et al., 

2014). Therefore, consideration must be applied to the intensity of the exercise protocols and ensure 

sufficient recovery prior to a succeeding exercise performance. 

 

Neuromuscular responses to exercise in the heat and dehydration 

While limitations of thermoregulatory and cardiovascular systems are suggested to be responsible for 

performance declines in hot conditions, it is further suggested that peripheral changes may contribute 
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to the typical lower exercise intensities noted during self-paced performances in hot conditions (Kay et 

al., 2001). Specifically, contributions from both central and peripheral systems are suggested to mediate 

changes in power output (Kay et al., 2001; Rodrigues et al., 2014; Tucker et al., 2004) and have been 

reported following a bout of strenuous exercise in the heat (Kay et al., 2001; Nybo & Nielsen, 2001a), 

and it is accepted that changes in exercise performance will be further exacerbated with dehydration 

(Marino et al., 2010). However, the evidence to suggest that there may be a limitation to the activation 

of neuromuscular mechanisms during exercise is the heat is scant. Thus far, research has established 

that acute exercise in hot environments may result in a greater detriment to peripheral mechanisms of 

activation compared to exercise in cool environments (Tucker et al., 2004). However, this finding is 

still under speculation as there is also evidence to suggest that voluntary activation may remain 

unchanged following exercise in the heat (Stewart, 2014).  

 

To elucidate the effects of active versus passive dehydration on peripheral fatigue, Périard, et al., (2011) 

examined dehydration arising from a cycling trial to exhaustion at 60 % VO2max in 38 °C and compared 

passive hot water (41 °C) immersion on voluntary activation and force production immediately pre and 

post the dehydration protocols. The authors reported reduced capacity to reproduce maximal force 

during a 45 s maximal contraction at post exercise compared to pre following both dehydration methods. 

From this study, the authors suggest that CNS drive and activation of peripheral mechanisms may have 

been reduced following the dehydration protocols due to fatigue originating from central and peripheral 

factors evidenced by declines in both voluntary activation and force production. It appears that rise in 

core temperature will impede on the function to produce maximal force irrespective of using active or 

passive methods to achieve a dehydrated status. Ftaiti, Grélot, Coudreuse, & Nicol, (2001) compared 

the effects of heat stress with supplementary dehydration on neuromuscular function immediately pre 

and post a 40 min cycling bout. The authors utilised a fixed-pace protocol (40 min at 60 % VO2max) in 

a thermoneutral environment (22.5 °C) participants wore a tracksuit and jacket while cycling to enhance 

sweat rate and induce heat stress. This study reported no significant changes for maximal isometric 

strength through examination of maximal voluntary contractions or change for EMG of the knee flexor 

and extensor muscles at post exercise compared to pre. While peak torque during an endurance protocol 
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(20 maximal repetitions) was reduced over time, there was also no significance different reported 

between pre and post trials. There was a also a reduction between pre and post, though not of any 

significance, the authors suggest that this could be indicative of the implications of rising core and 

muscle temperatures on the capacity to produce maximal force. While this study reports some 

consistency with previous evidence about dehydration and reduced maximal torque production 

(Edwards et al., 1972; Nybo & Nielsen, 2001a), the effects of the dehydration may have been less 

evident as participants only reached a moderate rate of dehydration (~ 2 % BM loss). In contrast, Bigard 

et al., (2001) reported that maximal torque remained unchanged following dehydration via passive 

exposure to the heat. This study compared the effects of euhydrated, dehydrated (-3 % BM) and 

rehydrated status on maximal voluntary contraction force and sustained contractions of 70 % MVC and 

25 % MVC to exhaustion. Bigard and colleagues reported no change in endurance time during isometric 

contractions sustained at 70 % MVC between either of the hydration conditions, nor for power 

frequency during the 25 % MVC to exhaustion for the dehydrated compared to the euhydrated 

condition. However, this study did report that dehydration may have impaired fatigue resistance as 

EMG changes occurred earlier when compared to the euhydrated condition. A common conflicting 

finding between studies which attempt to elucidate the negative impact of dehydration on the 

mechanisms of performance is the level of dehydration achieved in addition to the level of fatigue 

elicited following exercise performance (McCartney et al., 2017). While it appears that high core and 

muscle temperatures will reduce the ability of athletes to regenerate maximal force (Enoka et al., 2011; 

Ftaiti et al., 2001; Nybo & Nielsen, 2001a), research is yet to confirm this finding.  

2.5.2 Fluid Restriction and Allocation during Exercise Performance 

Dehydration following strenuous bouts of physical activity is commonly observed during endurance 

exercise (Marino et al., 2010; Périard, et al., 2011) and during periods of manual work (i.e. firefighters 

and military personnel) (Duffield et al., 2012; McCartney et al., 2017). Even when fluids are provided 

ad libitum, consuming adequate fluids to return to a euhydrated state is difficult (Engell et al., 1987; 

Hoffman, Cotter, Goulet, & Laursen, 2016; McCartney et al., 2017). Therefore, rehydration via fluid 

replacement is recommended at a rate of 1.25 – 1.5 L per kilogram of body mass (American College of 
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Sports Medicine; ACSM). A recent meta-analyses has speculated that fluid ingestion following a 

substantial period of dehydration can improve performance compared to no fluid allocation (McCartney 

et al., 2017). McCartney and colleagues have highlighted that there is diversity in the responses to a 

dehydration protocol during subsequent exercise performances due to disparity in the methodology 

employed by different studies. As such, the effects of fluid replacement at the recommended rate versus 

fluid provided ad libitum have been extensively examined (Adam et al., 2008; Marino et al., 2010; 

Schmit et al., 2016). This research has established that maintaining a euhydrated status during exercise 

may improve performance while withholding and restricting the amount of fluid may have a negative 

impact on the ability to achieve maximal performance (Edwards & Noakes, 2009).  

 

To examine the effect of fluid replacement versus fluid restriction, Fallowfield, Williams, Booth, Choo, 

and Growns, (1996) elicited a dehydration trial set at a constant pace (60 % VO2max) to volitional fatigue. 

During the fluid replacement trial, participants were allotted with 2.0 ml.kg-1 of body mass every 15 

min until fatigue. From their findings, the authors reported longer running duration (25.3 min), greater 

O2 consumption, and reduced carbohydrate metabolism for the fluid replacement trial compared to no 

fluid replacement. Fallowfield and colleagues indicated that the impaired aerobic capacity when fluid 

was withheld during cycling was due to the shift in energy metabolism from the oxidisation of fats to 

carbohydrates. Moreover, the authors suggest that increasing CHO metabolism is associated with 

elevated blood lactate response, which may have been responsible for higher RPE and concomitant 

reduction in performance. Alternatively, to examine the impact of hydration status on cycling 

performance independent of rating of thirst, Adams et al., (2018) blinded participants to the amount of 

fluid received via nasogastric tube. For this study, participants completed a 2 h dehydration protocol on 

a cycle ergometer at 55 % VO2peak followed by a 5 km cycling time trial. During the euhydrated trial, 

participants received fluid to match sweat losses via the nasogastric tube, while during the dehydration 

trial, no fluid was received. From their findings, the authors reported that performance during the 

euhydrated state was faster (+ 1 km.hr-1) while physiological responses, including core and rectal 

temperature and heart rate was greater for the dehydrated condition compared to euhydrated. Based on 

their findings, Adams et al., (2018) proposed that impaired performance was likely due to increasing 



Chapter 2- Literature Review 

  

84 
 

cardiovascular strain while dehydrated. The methodology in this study is similar to that of James et al., 

(2015) whereby the design ensures that participants are blinded to their hydration status. James et al., 

(2015) similarly instilled a gastric tube to blind participants to fluid intake and compared euhydrated 

status to dehydrated status. However, this study incorporated an intermittent exercise protocol (8 x 15 

min at 50 % peak power output; PPO) followed by 15 min all-out effort. From their findings James et 

al (2017) reported a reduction in the total work completed during the 15 min trial was greater during 

the euhydrated trial (+ 8 %) while perceptual responses (RPE) were greater under dehydrated 

conditions.  

 

While these studies show the negative impact of a poor hydration status with fluid restriction on exercise 

performance and perceptual strain, there is limited understanding into the influence of fluid intake on 

the CNS regulation of successive performance. While James et al (2017) and Adams et al (2018) were 

successful in blinding participants to their hydration status, both authors acknowledge that while 

hypohydration will impair cycling performance in the heat, there is further research needed to explore 

the mechanistic causes of performance moderations under a dehydrated status (i.e. cardiovascular, 

perceptual and thermoregulatory responses). 

 

2.5.3 Perceptual Thermoregulatory Behaviour  

While there are physiological and neuromuscular contributions which account for the reduced exercise 

capacity in the heat (Bardis, Kavouras, Kosti, Markousi, & Sidossis, 2013; Cian et al., 2000; González-

Alonso et al., 1999), the relationship between perceptual responses and performance output during self-

paced exercise in hot environments is less known. It is common to observe higher RPE (González-

Alonso et al., 1999), greater thermal strain (Flouris & Schlader, 2015) and greater ratings of thirst 

(Cheung et al., 2015) during exercise in the heat compared to thermoneutral conditions. Moreover, there 

is evidence to suggest that the sensation of thirst may contribute to the anticipatory regulation of 

exercise performance during heat stress (Berkulo et al., 2015), however, the mechanisms attributed to 

the rise in thirst sensations and higher RPE remains somewhat unclear.  
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Perceived Exertion  

It has now been established that perceived exertion may be based on afferent physiological feedback 

and may mediate changes in exercise intensity by way of the CNS (Abbiss et al., 2015; Hampson et al., 

2001; Noakes et al., 2005). Therefore, due to excessive perturbations to thermoregulatory and 

cardiovascular responses, it is unsurprising that during exercise in the heat, perceptual responses will 

rise at a faster rate compared to exercise in cool or thermoneutral conditions (Flouris & Schlader, 2015). 

Specifically, the increase in perceptual strain has been linked with the cardiovascular drift phenomena 

and greater heat storage (González-Alonso et al., 1999). As perceptual strain during strenuous physical 

activity is suggested to be a limiting factor in maximal performance, applying deception or manipulating 

the status of dehydration and thermal strain experienced, and the environmental conditions may allow 

researchers to further elucidate the mechanisms involved in the regulation of exercise performance and 

further examine the role of perceived exertion in regulating exercise intensity during uncompensable 

heat stress.  

 

As the change in RPE during exercise may be dependent on sensory cues and may be mediated by the 

CNS. Therefore, to elucidate this hypothesis and examine if RPE is associated with changes in cerebral 

activity, Nybo & Nielsen, (2001b) examined the effect of exercise on EEG activity and RPE during 

exercise to exhaustion in the heat (40 °C) with progressive hyperthermia compared to a thermoneutral 

environment (18 °C). The authors examined alpha/ beta index across the prefrontal cortex during the 

fixed exercise task (60 % VO2max) and reported that EEG frequency increased in a linear fashion with 

progressive hyperthermia, and RPE appeared to be related to the rise in core temperature. Furthermore, 

there was no relationship between changing activity across the prefrontal cortex and EMG amplitude, 

suggesting that hyperthermia did not induce neuromuscular fatigue during submaximal exercise. Based 

on their findings, Nybo and Nielsen, (2001b) suggest that progressive hyperthermia and altered brain 

activity was an affective indicator of perceived exertion, and may also reflect a diminished ability to 

sustain motor activity during periods of hyperthermia, which is consistent with more recent evidence as 

discussed earlier in this review (Périard et al., 2018). More recently, Crewe et al., (2008) examined the 
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hypothesis that RPE is a reliable indicator of exercise duration to exhaustion in varying environmental 

conditions (15 °C and 35 °C). Similar to previous evidence (Nybo & Nielsen, 2001b), the authors 

reported that the rise in RPE increased linearly throughout the fixed pace exercise trials (55, 60, 65 and 

70 % PPO), and further, there was a shorter duration for the exercise trials to exhaustion in the hot 

environment compared to the cool environment. The authors purport that this is consistent with the 

teleoanticipatory model of fatigue where subconscious calculations for the required workload and 

remaining duration may have influenced the athlete’s behaviour to ensure homeostasis could be 

maintained. These studies have shown that the progressive increase in RPE may be an indicator of how 

difficult the brain is perceiving the task at hand, and as the task becomes more demanding, RPE 

increases (Borg, 1982), particularly while experiencing a degree of hyperthermia and rise in core 

temperature. The rise in core and skin temperatures is detected by peripheral thermoreceptors, which 

contribute to afferent sensory feedback (Crewe et al., 2008), and moderate subjective perceptions of 

thermal sensations (Flouris & Schlader, 2015), and therefore, contribute to the continuous regulation of 

exercise intensity. It is purported that the higher perceptions of effort during exercise in heat, and near 

the point of exhaustion, may act to discourage continuation of exercise to offset severe disturbances 

from homeostasis, including hyperthermia (Crewe et al., 2008; St Clair Gibson et al., 2006).  

 

 

Ratings of Thirst  

Providing fluid is the most practical and cost effective ergogenic aid to offset thermoregulatory and 

cardiovascular strain during exercise in hot environments (Marino et al., 2010; Montain & Coyle, 1992). 

In addition to limiting physiological perturbations following fluid ingestion, thirst is proposed to play 

an integral role in maintaining body fluid homeostatic balance (McKinley & Johnson, 2004) due to the 

neural mechanisms associated with the sensation of drinking which may influence motivation to 

exercise (Cheung et al., 2015). The sensation of thirst is dependent on the regulation of osmotic, ionic, 

hormonal and nervous signals within both the intracellular and extracellular fluid and integrated within 

the CNS (McKinley & Johnson, 2004). Specifically, the sensation of thirst is generated by 

osmoreceptors located in the hypothalamic region and are initiated in response to cellular dehydration 
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(McKinley & Johnson, 2004; Zimmerman et al., 2017). Satiation of thirst following the intake of water 

is associated with ‘pleasantness’ in contrast to drinking water after thirst which is associated with 

emotions of ‘unpleasantness’ (Saker et al., 2014). Recently, Saker et al., (2014) reported that activation 

of the ACC and orbitofrontal cortex was associated with the ‘pleasant’ consumption of water, while 

activation of the midcingulate cortex and subcortical and brain stem regions were associated with 

drinking beyond thirst, rated as ‘unpleasant’. The authors believe that activation of regions along the 

brainstem may be indicative of an inhibitory response preventing the consumption of excessive water 

intake, however, this study did not examine neurophysiological changes to the pleasant consumption of 

fluid during physical activity. Nevertheless, drinking adequately to the sensation of thirst is suggested 

to be a reliable indicator of exercise capacity, as opposed to drinking below or above the thirst sensation 

(Goulet, 2011). A meta-analyses has revealed that average time trial performances could be improved 

by 5.2 % when drinking to thirst compared to 2.4 % improvement when drinking above the thirst 

sensation to remain within 2 % of body mass (Goulet, 2011). In this sense, there is dispute about the 

current fluid recommendations provided by the ACSM, with new research providing evidence to 

suggest that fluid should be consumed during physical activity to attenuate sensations of thirst, opposed 

to drinking to remain within 2 % body mass (BM) change.  

 

The sensation of thirst is suggested to be a behavioural response mediated by low body water content 

during physical activity and is exacerbated during exercise in hot conditions (Armstrong et al., 2014). 

Therefore, to determine if drinking to thirst could influence performance, Berkulo et al., (2015) 

compared the effects of no fluid, versus ad libitum water ingestion during a 40 km cycling time trial. 

Interestingly, the authors reported that there was no effect of hydration status on cycling performance. 

While participants were 2 % dehydrated, this finding is in contrast to other findings (Bardis et al., 2013; 

Cheuvront et al., 2010). The authors reported that the availability of fluid was able to alleviate thirst 

sensations, therefore may have contributed to the regulation of exercise intensity throughout the 40 km 

trial. As thirst is a conscious response to the release of osmoreceptors when there is a reduction in 

intracellular and extracellular fluid (Sawka & Noakes, 2007), the authors suggest this may be in order 

to protect homeostasis, where the lack of availability of fluid will cause individuals to decrease exercise 
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intensity. Likewise, Cheung et al.,(2015) completed a similar study which aimed to separate 

dehydration and the sensation of thirst. For this study, participants completed four 20 km experimental 

time trials including; i) euhydrated-not thirsty, ii) euhydrated-thirsty, iii) dehydrated-not thirsty, and iv) 

dehydrated-thirsty. Hydration during this study was manipulated by fluid replacement via intravenous 

fluid infusion, and participants were blinded to their hydration status, additionally, this study allowed 

participants in the ‘not-thirsty’ trials to take an oral-rinse of water ad libitum. The authors reported that 

allowing for a mouth rinse of water was able to suppress the thirst sensation, though did not influence 

exercise performance. Interestingly, the authors showed that pacing profiles for the 20 km TT did not 

differ between any conditions. However, this study did not allow for ingestion of water when thirsty, 

therefore, physiological alterations in actual thirst (i.e. osmoreceptor and vasopressin function) could 

not be assessed. It may be likely that the absence of change in exercise intensity when fluid was 

available may be due to the rate of replacement for intracellular and extracellular fluid being slower 

than the rate of fluid consumption as gastric emptying and intestinal absorption is typically at a lower 

rate in a dehydrated state (Ryan et al., 1998). Therefore, maintaining fluid replacement within 2 % of 

body mass loss, may not necessarily equate to improved performance (Berkulo et al., 2015), according 

to rate of fluid consumption, availability and absorption (Ryan et al., 1998).  

 

Summary  

In conclusion, endurance performance in the heat is substantially reduced when dehydration is present 

(Bardis et al., 2013; Berkulo et al., 2015; Edwards & Noakes, 2009; Fallowfield et al., 1996) irrespective 

of the method of dehydration employed (Périard, Caillaud, et al., 2011). It is apparent that research 

attempting to elucidate exercise in the heat with concurrent hyperthermia and poor hydration status 

remain under debate as the relative contributions of physiological and perceptual mechanisms which 

effect exercise intensity are inconclusive. It is well-established that when fluid is provided at a rate to 

match fluid loss when exercising in high thermic conditions, or during periods of high physiological 

stress, exercise intensity may be maintained (Goulet, 2011; Hoffman et al., 2016). However, minimal 

studies have established if performance could be improved, reduced or remain unchanged when 

deceived of water allocation in a dehydrated state. Moreover, the neuromuscular contribution to a 
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reduction in performance capacity is not well understood as these findings remain equivocal (Ftaiti et 

al., 2001; Nybo & Nielsen, 2001a; Rodrigues et al., 2014). The role of the CNS as a key mediator in 

the down-regulation of exercise performance and a causative factor driving increases in carbohydrate 

metabolism and reduction in oxygen consumption therefore merits further research in this area 

(Judelson et al., 2007). Specifically, research is needed to further elucidate the role of thirst in exercise 

regulation, and the effects of dehydration and the heat on the neuromuscular function.  

2.6 Inflammatory Response to Exercise 

Exercise provides challenges to many physiological systems and can substantially alter immune 

function even during a single bout of exercise (Koch, 2010). Exercise immunology has become an 

established area of research exploring the mechanisms involved in exercise stress on the inflammatory 

response and adaptation (Malm, 2002; Vargas & Marino, 2014). To date, studies have determined 

neurosignals, growth factors and cytokines may impede on strenuous skeletal muscle activity, and have 

further demonstrated their involvement in the inflammatory responses within the active musculature 

(Malm, 2002; Vargas & Marino, 2014). Specifically, during strenuous exercise with repeated 

contractions, the skeletal muscle will promote the release of pro-inflammatory cytokines (Lambert, 

2008; Petersen & Pedersen, 2005) to facilitate an influx of local responsive cells such as monocytes, 

lymphocytes and neutrophils to participate in the healing of the inflamed tissue (Pedersen & Hoffman-

Goetz, 2000). The cytokine cascade consists of tumour-necrosis factor-α (TNF-α), interleukin (IL)-1β, 

IL-6, soluble TNF-Receptor (sTNF-R) and IL-10 among many others, with IL-6 being the most 

prevalent and is typically in the highest concentration during and immediately post an exercise bout 

(Fischer, 2006; Petersen & Pedersen, 2005). It is suggested that the release of these cytokines will act 

as a trans-signalling communicatory pathway between the periphery and the CNS (Andratsch et al., 

2009; Glass et al., 2010), which may suggest some involvement within the complex physiological 

systems contributing to the regulation of exercise intensity. As such, the following section of this 

literature review will examine the role of pro- and anti- inflammatory cytokines in the regulation of 

self-paced exercise. In addition, based on evidence that ingestion of nonsteroidal anti-inflammatory 
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drugs (NSAIDS) can inhibit the release of pro- and anti- inflammatory cytokines, and inhibit some 

communication between periphery and the CNS (Cashman, 1996; Lanier, 2003), this section will also 

discuss how NSAIDS may influence exercise performance and recovery from strenuous exercise bouts.  

 

2.6.1 The Acute Inflammatory Response  

The acute inflammatory response refers to the reaction of an organism to unexpected disruptions to 

homeostasis due to injury, infection or growth, whereby the aim of the response is to restore the 

organism to initial physiological homeostasis (Heinrich, Castell, & Andus, 1990). Exercise will 

challenge the body’s physiological systems and lead to subsequent disturbances to homeostasis (Koch, 

2010), and cause acute trauma to a skeletal muscle cells to initiate a sequence of cellular responses 

(Tidball, 1995). The local response to infection or tissue injury caused by continuous eccentric 

contractions is an influx of pro-inflammatory cytokines, including TNFα and IL-1β, to the site of 

inflammation initiating the acute-phase response and the rapid release of IL-6 (Ostrowski, Rohde, Asp, 

Schjerling, & Pedersen, 1999). Contracting skeletal muscle can synthesize and release IL-6 into the 

interstitium, whereby levels of basal IL-6 may increase up to 100-fold (Fischer, 2006), and this influx 

of pro-inflammatory cytokines is suggested to then instigate an upregulation of anti-inflammatory 

cytokines (Thomas et al., 2015). Anti-inflammatory cytokines, including, but not limited to IL-10, IL-

6 and IL-1 receptor antagonist (ra), play a role in the inflammatory response to exercise (Ostrowski et 

al., 1999) and are proposed to balance the release of the pro-inflammatory cytokine influx (Petersen & 

Pedersen, 2005).  

 

IL-1 with TNFα are pro-inflammatory cytokines synthesised mostly by macrophages and monocytes in 

response to a number of stimuli (Saklatvala, Davis, Guesdon, Karin, & Marshall, 1996) and are mainly 

produced to stimulate the production of IL-6 (Petersen & Pedersen, 2005; Saklatvala et al., 1996). 

Following the Copenhagen Marathon (May, 1997) Ostrowski et al., (1999) examined the cytokine 

response in male participants before and after the race. This study examined cytokine changes 

immediately following the marathon and every 30 mins during a four-hour recovery period. As 
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anticipated, there was significant increase in IL-6 and TNFα in addition to an increase in cytokine 

inhibitors and anti-inflammatory cytokines following the exercise bout. The authors suggested that the 

cytokine inhibitors may be indicative of the presence of soluble receptors and receptor antagonists, 

which may limit the duration and extremity of the inflammatory response. Moreover, during prolonged 

exercise, it is possible the release of pro-inflammatory cytokines could contribute to afferent feedback 

mechanisms already established during endurance activities i.e. heart rate and core temperature, and 

contribute to the development of central fatigue (Gleeson, 2000; Nybo & Secher, 2004). 

 

The release of such inflammatory cytokines during physical activity is thought to contribute to negative 

feedback pathways (Glass et al., 2010), which may contribute to the mechanisms of centrally acting 

performance regulation (Vargas & Marino, 2014). Moreover, it is suggested that the inflammatory 

response during physical activity is further activated in the heat, as it is known that the combination of 

strenuous physical activity and hot environments impedes on the distribution of blood flow (Jeukendrup 

et al., 2000). The rapid change in blood from splanchnic locations to the periphery for heat dissipation 

is suggested to exacerbate the release of pro-inflammatory cytokines from the intestines (Hargreaves et 

al., 1996), which in turn may contribute to exercise regulation via the continuum of feed-forward loops 

(Glass et al., 2010).  

2.6.2 IL-6 and Exercise Regulation 

As IL-6 is known to play a role in the inflammatory response to strenuous exercise (Starkie, Ostrowski, 

Jauffred, Febbraio, & Pedersen, 2003), the activation of IL-6 from active musculature is suggested to 

play a role in the regulation of endurance exercise (Vargas & Marino, 2014). IL-6 and IL-6 related 

cytokines share the same subunit, gp130, which is critically required for the development of 

hyperalgesia in inflammatory conditions (Andratsch et al., 2009). It is understood during acute 

inflammation, cytokine IL-6 will complex with membrane-bound IL-6 receptor (IL-6R) or the soluble 

form of IL-6R (sIL-6R) to activate cells to signal transducer glycoprotein-130 (gp130) (Andratsch et 

al., 2009; Kallen, 2002; Rose-John & Heinrich, 1994). Gp130, in turn, then activates two distinct 

signalling pathways to communicate with the CNS by crossing the blood-brain barrier (Andratsch et 
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al., 2009; Fischer, 2006), thus promoting the importance of IL-6 and further IL-6 signalling in the 

regulation of cellular immune function. Figure 2.8 depicts gp130 as a receptor unit for IL-6 bound to 

IL-6R (classical) and sIL-6R (trans-signalling) inducing gp130 dimerization and initiation and 

intracellular signalling. Gp130 is purported to be expressed by all cells in the body (Rose-John & 

Neurath, 2004).  

 

Figure 2.8 Classical and alternative (trans) signalling expression of gp130. Classical signalling occurs 

when the IL-6 binds to the IL-6R membrane-bound complex, which confers to gp130 to allow for 

signalling. Trans-signalling occurs when the production of sIL-6R binds to IL-6R which can express 

gp130, however, in the absence of sIL-6R, these cells would not be able to respond to IL-6 (Rose-John 

& Neurath, 2004).  

 

To examine if IL-6 is a key mediator of the inflammatory response, and to observe the role of gp130 on 

peripheral nerves and pain, Andratsch et al., (2009) hypothesised that IL-6 and gp130 enhance pain 

through their pro-inflammatory actions. This study involved testing mice, who lack gp130, and found 

an increase in pain sensitivity of the mice following the release of IL-6. The knockout mice showed 

reduced peripheral inflammation and reduced tumour-induced pain, indicating that expression of gp130 

on nociceptive primary afferents is involved in the transmission of pain. Based on the premise of this 

finding, the authors propose that reducing the coordination of membrane bound IL-6 and IL6-R by 

blunting gp130 expressed on sensory nerves, would reduce hyperalgesia in pathological conditions. 

Using human participants, it is possible reduce hyperalgesia by ingesting NSAIDS and preventing the 

release of IL-6 (Cashman, 1996; Lanier, 2003; Schoenfeld, 2012), however, the mechanism of action 

for NSAIDS will be discussed shortly. IL-6 within the contracting skeletal muscle is known to increase 
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in a dose-response manner with exercise intensity and the amount of muscle mass recruited (Steensberg, 

2003), and is dependent upon the glycogen content of the active muscle (Febbraio & Pedersen, 2002; 

Steensberg, 2003). The role of IL-6 in mediating the regulation of exercise intensity may stem from its 

ability to signal pain through gp130 located within nociceptive fibres at the periphery (Andratsch et al., 

2009). It is purported that IL-6 may contribute to feelings of fatigue associated with acute sickness, 

where pro-inflammatory cytokines including TNFa, IL-1 and IL-6 are propagated through the immune 

system to defend against further infection (Dantzer, O'Connor, Freund, Johnson, & Kelley, 2008; 

Fischer, 2006). These cytokines may also be responsible for communication with the CNS to instil 

sickness behaviours, which ultimately moderate feelings of motivation and possible nausea (Dantzer et 

al., 2008). The role of IL-6 in the regulation of exercise has also been attributed to a complex 

relationship between signalling about resource availability, where during prolonged endurance exercise, 

blood glucose may be tightly regulated by cytokines, including IL-6 (Cullen et al., 2016; Febbraio & 

Pedersen, 2002). It has been reported that the release of IL-6 is strongly correlated with blood glucose 

levels during submaximal exercise bouts, where the activation of IL-6 signalling pathways is thought 

to be enhanced once glycogen content is low (Pedersen et al., 2004). Based on this compelling evidence, 

it is unsurprising that IL-6 is considered to contribute to feelings of fatigue during physical activity and 

is further suggested to alter perceptions of effort (Vargas & Marino, 2014). Therefore, IL-6 may 

contribute to the regulation of exercise intensity through the modulation substrate availability, however, 

given the relatively new concept behind the neuroinflammatory model of fatigue, more evidence is 

required to elucidate the effects of IL-6 in the regulation of exercise intensity.  

2.6.3 Non-Steroidal Anti-Inflammatory Drugs  

To suppress the inflammatory response to strenuous exercise, the ingestion of NSAIDS has become a 

popular and inexpensive method available to most athletes. NSAIDS have been routinely prescribed 

pre- and post- exercise to alleviate pain associated with exercise induced muscle damage (EIMD) and 

to restore normal physical function (Schoenfeld, 2012). The analgesic mechanism of action for NSAIDS 

is through inhibition of noxious chemical mediators of pain, thereby preventing the stimulation of 

peripheral nociceptors (Cashman, 1996). Specifically, following injury (micro-trauma) to skeletal 
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muscle, phospholipase A2 comes in contact with phospholipids usually located within the cell 

membrane, which becomes damaged following the initial muscle injury (Lanier, 2003). The structural 

breakdown and disruption of the cell membrane activates chemical mediators of the tissue such as 

histamines, bradykinins, thromboxane, leukotrienes and prostaglandins (Schoenfeld, 2012; Stone, 

Palmieri, & Ingersoll, 2004). The function of these mediators is to increase permeability and 

vasodilation of capillaries to allow for leukocytes to begin healing and initiate the inflammatory process 

(Knight, 1995; Stone et al., 2004).  

 

The inflammatory process involves the formation of arachidonic acid (AA) as phospholipase comes 

into contact with phospholipids following trauma to the cell membrane (Lanier, 2003). Cyclo-

oxygenase (COX) is a family of enzymes which work to then catalyse the conversion of AA to pro-

inflammatory prostaglandins (Schoenfeld, 2012). It is known that the COX enzyme is present in two 

forms: COX1 and COX2 (Lanier, 2003). COX1 is systemic and is present in most body tissues and is 

responsible for normal cell activity, while COX2 is localised and becomes available when mediators of 

inflammation are developed (Dubois et al., 1998). COX2 activity is proposed to be a pivotal in both the 

immune response, and the resolution of inflammation (Chazaud, 2016). Following proteolysis of the 

AA to prostaglandins, neutrophils, lymphocytes and monocytes are capable of stimulating more 

prostaglandin production and are attracted to the site of injury. In the inflammatory process, the 

activation of prostaglandins is to work synergistically with histamine and bradykinine and potentiate 

these biochemicals to pain receptors and mechanical and chemical stimulation (Stone et al., 2004). 

Figure 2.9 depicts the simplified inflammatory pathway from initial muscle injury (EIMD) to 

inflammation/ pain and the NSAID mechanism of action.  
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Figure 2.9 Simplified overview of inflammatory pathway and the proposed mechanism of non-steroidal 

anti-inflammatory drugs (NSAIDs). Damage to skeletal muscle causes activation of phospholipase A2, 

which generates arachidonic acid (AA) from damage to cell membrane. AA is then converted to 

prostaglandin G2 (PGG2) via cycle-oxygenase (COX) which then produces prostacyclin, prostaglandin 

and thromboxane causing pain and inflammation. Image taken from Schoenfeld, (2012).  

 

 

The primary function of non-selective NSAIDS is to prevent the function of COX1 and COX2 

pathways, thereby reducing production of prostaglandin (PGE) and stimulation of peripheral 

nociceptors. Alternatively, selective NSAIDS function to inhibit the COX1 pathway and prevent the 

prostaglandin pathway from being produced, and it appears the COX-2 pathway becomes up-regulated 

following selective NSAID ingestion to compensate for the anti-inflammatory blockade (Lanier, 2003; 

Schoenfeld, 2012; Stone et al., 2004). Literature purports that PGE is the predominant eicosanoid which 

mediates the sensation of pain by sensitising afferent (nociceptive) nerve endings (Cashman, 1996). 

However, the modulation of pain via NSAID may also exhibit some central mechanism of action, 

including the production of PGE (Abdel‐Halim, Sjöquist, & Änggård, 1978) and IL-6 within the CNS 

as a result of brain injury or hypoxia and after periods of longer term stress (i.e. endurance exercise) 

(Nybo, Nielsen, Klarlund Pedersen, Møller, & Secher, 2002). From a central perceptive, it is suggested 
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that IL-6 produced and taken up by the brain following a large release of IL-6 from contracting skeletal 

muscles during exercise may contribute to feedback and adjust adaptive feedforward during exercise 

(Gleeson, 2000). However, both PGE synthesis and therefore IL-6 release from the CNS and skeletal 

muscle have been reported to be inhibited following the ingestion of NSAIDS (Abdel‐Halim et al., 

1978), and may reduce the perception of pain, therefore contributing to the regulation of exercise 

performance.  

 

Non-Steroidal Anti-Inflammatory Drugs during Exercise  

Strenuous exercise, muscle trauma and prolonged eccentric contractions are capable of developing 

skeletal muscle injury or damage (Urso, 2013). The phenomenon of EIMD generally peaks 24-48 hours 

following exercise, which can decrease physical function and mobility (Schoenfeld, 2012). Muscle 

damage brought on by eccentric muscle actions can induce a significant amount of microtrauma to 

muscle fibres and thus, activation of the inflammatory response. Inflammation is commonly perceived 

to cause delayed onset muscle soreness (DOMS) and limit functional mobility following strenuous 

physical activity (Chazaud, 2016), therefore, to offset DOMS during and after an athletic event, 

NSAIDS are proposed to reduce the propagation of pain and alleviate muscle soreness.  

 

During long bouts of physical exercise, such as a marathon, fatigue is attributed to the continuous 

perturbations to cellular homeostasis (Cullen et al., 2016; Gleeson, 2000; Nybo et al., 2002) therefore, 

it seems reasonable to limit such disturbances, including rapid release of inflammatory cytokines, to 

ingest NSAIDS prior to an endurance event. Furthermore, perceived muscle soreness following an 

endurance event has been linked with changes in plasma cytokine balance (de Souza et al., 2018). Due 

to the desensitisation of nociceptors to gp130 following the ingestion of NSAIDS, Morgan, Vanhatalo, 

Bowtell, Jones, & Bailey, (2018) examined neuromuscular activity during 60 x 3 s maximal voluntary 

contractions. The authors reported that despite the attenuated inflammatory response following the 

ingestion of ibuprofen, there was no difference between conditions for critical power and torque 

compared to a control. However, this study did not assess concentration of pro-inflammatory cytokines. 

Alternatively, de Souza et al., (2018) examined the effects of ibuprofen ingestion on long distance 
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(42km) running and vertical jump ability. This study involved a control group versus a group who had 

ingested 400 mg of ibuprofen prior to the race. In terms of performance, the authors reported that 

muscular power (vertical jump) was better maintained following the ingestion of the drug, however, 

there was no change in amount of muscle damage, as determined by aminotransferase enzyme. While 

this study did report that muscle pain of the gastrocnemius was greater for the control group, there was 

no difference in time to complete the 42 km trial. The authors indicate that a reduction in perception of 

pain for the NSAID group may have contributed to maintenance of the vertical jump power. Currently 

there is conflicting evidence about the acute ingestion of NSAIDS, on long duration endurance exercise 

(Da Silva et al., 2015; de Souza et al., 2018; Nieman et al., 2005; Nieman et al., 2006) and maximal 

voluntary contractile function (Morgan et al., 2018), however, there is no study which has examined 

the ergogenic effects of ibuprofen ingestion on intermittent cycling performance given its apparent 

ability to reduce pain at the muscle and maintain power performance (de Souza et al., 2018).  

 

Non-Steroidal Anti-Inflammatory Drugs and Recovery  

As previously established, after skeletal muscle becomes injured, to be repaired it will undergo stages 

of degeneration, inflammation and regeneration irrespective of the type of injury incurred (Urso, 2013). 

In addition, there is speculation about the role of chemical substances released from the site of tissue 

injury proposing that the pro-inflammatory cytokines may act as ‘wound hormones’ whose main role 

is to initiate inflammation (Tidball, 1995). Muscular damage induced by eccentric exercise such as 

resistance training and cycling is evident to yield increases in IL-6 and can be relative to the extent of 

DOMS reported 24 hours following the exercise bout (Bruunsgaard et al., 1997; Koch, 2010). As such, 

the prescription of NSAIDS is common to defeat the symptoms associated with strenuous physical tasks 

due to the ease of access and cost efficiency of said drugs. As the release of pro- and anti-inflammatory 

cytokines are in response to EIMD, general practice, by consumption of NSAIDS, is thought to reduce 

inflammation due to blocking of the prostaglandin pathway preventing the release of cytokines and the 

COX pathways. However, the inhibition of the inflammatory response by slowing down the creation of 

prostaglandins, may in turn impede the recovery process (Urso, 2013). However, it has been found that 

some anti-inflammatory interventions may offer some benefit to the recovery process to EIMD due to 
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the manipulation of the pro to anti-inflammatory cytokine ratio, though these findings are limited to 

nutraceutical findings, i.e. anti-inflammatory mediators derived from foods (Urso, 2013). A recent 

review has highlighted that the use of NSAIDs as a treatment method for EIMD and DOMS has not 

been validated in humans, moreover, this review suggests that NSAIDS may in turn reduce the pro-

inflammatory response to micro-muscle tears and therefore blunt the regeneration of skeletal muscle 

(Chazaud, 2016). To examine this phenomenon, Nieman et al., (2005) compared marathon runners who 

were NSAID users compared to non-NSAID users on plasma cytokine circulation and muscle soreness 

during the week following the race. The authors reported that exercise prompted an increase in IL-10, 

IL-1ra, IL-8, and creatine phosphokinase (CPK) and a rapid increase in IL-6, however, the cytokine 

response was greater for the NSAID users at post exercise compared to non-users, though this had no 

effect on DOMS post-race at any time point. The authors suggested it may be the length of the race 

(ultramarathon) which may have elicited an enhanced endotoxemic response, which may explain why 

there was a greater cytokine response for the NSAID condition, and no differences in perceived muscle 

soreness post exercise.  

 

Summary  

In summary, inflammation is the cellular response to a damaged organ, which, following strenuous 

physical exercise enduring continuous eccentric contractions is the skeletal muscle, and is mandatory 

for essential tissue repair and functional muscle regeneration (Chazaud, 2016). The inflammatory 

response will signal the influx of pro-inflammatory cytokines into the blood stream into the site of 

injury. The inflammatory response during exercise may limit performance due to trans-signalling 

between the periphery and the capacity of IL-6 to cross the blood brain barrier to propagate a warning 

signal to the CNS about the influx of noxious chemicals at the periphery. Therefore, NSAIDS ingestion 

prior to and during endurance exercise is a popular method to blunt the inflammatory response, and in 

particular blunt the release of IL-6, to offset pain at the muscle. However, little is known on the effects 

of NSAID ingestion on intermittent exercise and recovery.   
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2.7 Conclusion 

In conclusion, pacing appears to be regulated in an anticipatory manner based on previous experience 

and knowledge of exercise end-point (Swart et al., 2009; Tucker, 2009; Tucker & Noakes, 2009), and 

may be altered based on knowledge of competitors and environmental circumstances (Foster et al., 

2003; Micklewright et al., 2013). It is suggested that knowledge of exercise endpoint will enhance 

exercise performance as distribution of motor units will be appropriately fired to ensure an end-spurt in 

power output can be achieved, thus optimal pacing will be employed (Abbiss & Laursen, 2008). It is 

also known that enhanced physiological state i.e. maintained hydration status and controlling the 

inflammatory response, are important factors regulating exercise intensity (Noakes, 2011). While these 

influences on the regulation of pacing strategies have established that exercise is regulated to offset 

disturbances to homeostasis when circumstances may be unknown, and is evidenced by a decline in 

power output and neural drive (Billaut et al., 2011) for higher RPE (Eston, Stansfield, et al., 2012). 

Further insight is required to determine the relationship between these variables and the CNS, including 

understanding the relationship between skeletal muscle activity, perceptual responses and 

neurophysiological activity during self-paced exercise when exercise expectations and physiological 

state have been manipulated.    
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Abstract 

It is understood that withholding information during exercise can alter performance during self-paced 

exercise, though less is known about neural activity during such exercise. The aim of this study was to 

compare the effects of withholding versus providing distance feedback on perceived exertion, muscular 

activation and cerebral activity during cycling time trials (TT). Nine well-trained male cyclists 

completed 2 x 30 km TT, with provision of performance information and distance feedback (known; 

KTT), and without performance information and remaining distance (unknown; UTT). Prefrontal cortex 

(PFC) haemoglobin concentration, electroencephalography (EEG) responses of the parietal lobe (PL) 

and motor cortex (MC), and surface electromyogram (EMG) of the right thigh were monitored 

throughout the TTs, in addition to heart rate (HR), rating of perceived exertion (RPE) and power output 

(PO). Time to completion was shorter for the KTT compared to UTT (51.04 ± 3.26 vs 49.25 ± 3.57 

min, P= 0.01). There were no differences evident for RPE between conditions (P> 0.50). However, 

during the final 2 km, the KTT presented higher PO (P≤ 0.05), HR (P≤ 0.03) and MC and PL EEG 

activity (d= 0.51-0.71) in addition to increased tissue haemoglobin index (nTHI) and oxygen extraction 

(HHb) (d= 0.55-0.65) compared to the UTT. In conclusion, when withholding information pertaining 

to remaining distance, performance was reduced due to the application of a conservative pacing 

strategy. In addition, the increase in HHb across the PFC was strongly correlated with PO (r= 0.790; 

P< 0.001) suggesting knowledge about remaining distance may increase activation across the PFC. 

Further, it appears that changes within the PFC may play a role in the regulation of cycling performance. 

 

Key words: central regulation; fatigue; self-paced exercise; pacing strategies 
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Introduction 

While fatigue is normally considered a negative consequence of prolonged exercise, the specific 

mechanisms that regulate the fatigue process during endurance exercise remains somewhat elusive 

(Thomas et al., 2015). To date, the development of fatigue is suggested to be regulated by changes to 

central and peripheral components (Thomas et al., 2015), and thus, the regulation of ‘pace’ during self-

paced exercise is proposed to be under the influence of conscious and subconscious control 

(Micklewright et al., 2016). Research suggests that the subconscious regulation of pacing strategies may 

modulate intensity during an athletic event based on previous experience (Ulmer, 1996) and afferent 

feedback (Amann & Dempsey, 2008). Further evidence supports the notion that the subconscious 

regulation of exercise performance depends on the ability of the central nervous system (CNS) to 

distribute appropriate central motor drive to the active skeletal muscles (Amann & Dempsey, 2008; 

Micklewright et al., 2010). As such, the commonly observed increase in power output at the end of a 

bout of self-paced exercise, known as the end-spurt, is associated with an increase in skeletal muscle 

recruitment (St Clair Gibson & Noakes, 2004). Alterations to pacing strategies during an athletic event 

may be based on an internal calculation for energy requirements over the remaining duration of exercise, 

and in preparation for an ‘end-spurt’, provided such information is available (Ansley, Lambert, et al., 

2004; Noakes, 2012; Ulmer, 1996). However, if information pertaining to remaining duration is 

withheld, research has shown that athletes will utilise a more conservative, even pacing profile (Jones 

et al., 2013; Smits, Polman, Otten, Pepping, Hettinga, 2016), including a slight decrease or more 

consistent work output for the entirety of the protocol (Billaut et al., 2011) while also reporting an 

increased perception of effort (Baden et al., 2005). While research relating to pacing profiles has been 

examined, much less is known about the neurological changes preceding and/ or during these changes 

in exercise intensity, and the relationship between endurance performance, physiology and perception 

of effort.  

 

Increases in cardiovascular, thermoregulatory and metabolic demands are synonymous with endurance 

exercise (Tucker & Noakes, 2009), therefore, minimising the perturbations associated with such 
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demands will be valuable during prolonged exercise bouts. Centrally-mediated responses to such 

physiological disruptions to homeostasis during self-paced exercise are evidenced by changes in power 

output and alterations along the neural pathways (Noakes, 2012; Stone et al., 2017). With 

methodological advances, evidence to support that the changes in skeletal muscle activation may be 

reflected by neural activity across the cerebral cortex is currently emerging. For example, Radel et 

al.,(2017) examined oxygenation of the prefrontal cortex (PFC) continuously during two 10 min cycling 

trials, however, during one trial, participants were informed to cycle for 60 min and the test was stopped 

at 10 min. The authors reported that in anticipation of the prolonged exercise bout, there was a reduction 

in activity across the PFC for the duration of the trial despite no change in exercise duration. From their 

findings, these authors suggest the presence of strategic allocation of executive resources (i.e. 

attentional focus) was a coping mechanism in anticipation of a longer exercise duration. Additionally, 

Enders et al., (2016) proposed that power output distribution may be initiated in the supplementary 

motor area of the frontal lobe during exercise to failure, indicating possible contributions to motor 

processing and planning. Collectively, these studies suggest that neural mechanisms may be involved 

in the strategic planning and executive function of cycling performance and the regulation of pacing 

strategies. While there is some evidence to suggest that changes in cerebral oxygenation during maximal 

exercise intensity is indicative of a reduction in motor unit recruitment (Robertson & Marino, 2015) 

and the regulation of fatigue (Rupp & Perrey, 2008), the role of the cerebral activity, in particular blood 

delivery and perfusion across the PFC during sub-maximal, self-paced exercise is not completely 

understood. Additionally, neural activity across the PFC and motor cortex (MC) are suggested to 

increase during the voluntary execution of motor activity (Suzuki, Miyai, Ono, & Kubota, 2008) and 

during the final end-spurt of an exercise trial (Billaut et al., 2010). However, there is little evidence to 

suggest that the regulation of such measures are dependent on the provision of performance feedback 

and remaining duration.  

 

The relationship between physiological perturbations, exercise performance and perceptual strain can 

be examined by manipulating and deceiving athletes of key exercise expectations including exercise 
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intensity (Williams et al., 2016) and duration (Eston, Stansfield, et al., 2012), knowledge of competitors 

(Corbett et al., 2012), inaccurate performance feedback (Stone et al., 2017) and/ or the provision of 

remaining duration (Ansley, Lambert, et al., 2004). Rating of perceived exertion (RPE) is suggested to 

be in response to cumulative feedback from a number of physiological systems working within a 

theoretical template of performance output (Noakes, 2012; Tucker & Noakes, 2009), and is suggested 

to be an indication of afferent feedback (Swart et al., 2009; Tucker et al., 2006). Current findings 

indicate that when information about exercise endpoint is withheld (open-loop), perception of effort is 

generated within the pre-determined exercise template and is modified based on exercise intensity 

(Billaut et al., 2010), remaining duration (Hamilton & Behm, 2017), previous experience (Micklewright 

et al., 2010) and physiological responses (Taylor & Smith, 2017). However, due to varying exercise 

protocols, training status of participants and magnitude of deception experienced (Stone et al., 2017), 

results of these studies show that RPE may be increased (Williams et al., 2016), reduced (Eston, 

Stansfield, et al., 2012) or remain unchanged (Billaut et al., 2011). As such, despite recent evidence 

suggesting RPE may play a role in modulating pacing strategies (Taylor & Smith, 2017) and limit time 

to exhaustion (Salam, Marcora, & Hopker, 2018) the development and continual adjustment of 

perceived exertion during self-paced exercise, is yet to be confirmed.  

 

Studies that have examined cerebral oxygenation across the PFC during strenuous exercise are mostly 

limited to examination of incremental tests to exhaustion (Robertson & Marino, 2015; Rupp & Perrey, 

2008). To the authors’ knowledge, one study that has examined deoxygenated haemoglobin (HHb) 

concentration during self-paced efforts reported a decrease in concentration was evident when 

participants voluntarily increased speed during an end-spurt to completion, however this study did not 

examine if this change was dependant on the knowledge of remaining duration (Billaut et al., 2010). 

Accordingly, the current study aims to examine changes in neural activity as determined by PFC 

haemoglobin concentrations and neural drive to the skeletal muscle while remaining time trial (TT) 

duration is withheld. Additionally, the current study aims to compare pacing strategies, physiological 

and perceptual responses while withholding duration feedback during successive 30 km cycling TTs. 
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We hypothesize that with the provision of performance parameters and remaining duration, 

deoxygenated haemoglobin will be maintained until completion where increases will match increases 

in exercise intensity and EMG responses during an ‘end-spurt’ of power output due to additional 

consecutive planning across this region of the brain. We further hypothesize that when duration is 

withheld, participants will adjust pacing strategies to reflect a more conservative, even pacing profile 

for higher RPE values and similar HR responses in an attempt to maintain metabolic resources due to 

the unknown remaining duration (Williams et al., 2014).   

Methods 

Participants 

Nine competitive male cyclists volunteered to participate in this study. Participants trained an average 

of >150 km per week and were competing at the state and/or national level of competition (age 23.7 ± 

6.6 yrs, mass 78.3 ± 5.7 kg, height 183.0 ± 4.6 cm, peak oxygen consumption (VO2peak) 63.6 ± 5.7 

ml·kg·min-1). To determine VO2peak, participants performed a ramp test on a cycle ergometer (Wattbike 

Pro, Nottingham, United Kingdom), beginning at 120 W and increasing by 35 W every minute 

thereafter to exhaustion. Gas analysis was completed via a metabolic cart (Medgraphics Ultima System, 

Saint Paul, USA). Consent was gained from the Institutional Human Research Ethics Committee prior 

to recruitment and all data collection.  

 

Overview 

Following written and informed consent, participants completed a familiarisation including a 30 km 

time trial (TT) on an air-braked stationary cycle ergometer (Velotron, RacerMate Inc., Seattle, USA). 

During the familiarisation, the participants were positioned to have a feedback of their performance in 

real time on a computer screen. Feedback included power output (PO), cadence, speed, time, distance 

and heart rate (HR). The familiarisation was to ensure test-retest reliability of the 30 km TT (Marino, 
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Kay, Cannon, Serwach, & Hilder, 2002). Prior to commencing 30 km familiarisation trial, participants 

completed 3 x 6 s maximal effort sprints for normalisation of the electromyography (EMG) data.  

Participants then returned to the laboratories to complete a further two 30 km TT in a randomised 

fashion. These trials were completed in 25.9 ± 2.3 °C ambient temperatures. Following a 5 min low-

intensity warm-up, participants completed maximal sprints from a low cadence start (< 50 rpm). During 

sprints, participants were instructed and verbally encouraged to complete a maximal ‘all-out’ effort for 

6 s followed by 24 s active recovery. Following 5 min active recovery from sprints, participants initiated 

the trial and were instructed to complete the 30 km as quickly as possible. Participants then completed 

either a known condition (known time trial; KTT) identical to familiarisation including a 30 km TT 

with feedback including HR, PO, cadence and speed, or the unknown (UTT) condition where all 

performance and exercise endpoint feedback were withheld for the duration of the trial. For 

standardisation, bike set-up and gearing was consistent between conditions. During the KTT and UTT 

conditions, participants were permitted to observe their HR responses throughout the TT (F1, Polar, 

Elector-Oy, Kempele, Finland). Prior to cycling trials, a mid-stream urine sample was obtained to 

determine urine specific gravity (USG) as a measure of hydration status using a digital refractometer 

(PEN-SW, Atago, Tokyo, Japan). If participants presented USG > 1.020 mmol/L they were provided 

with 500 mL water to consume and USG was retested prior to commencing the warm-up. Immediately 

pre- and post- cycling performance, capillary blood samples were taken from the fingertip of the non-

dominant hand for the assessment of glucose (Glu; Accucheck, Roche, Basel, Switzerland) and lactate 

(La-; Lactate Pro, Minneapolis, USA) concentrations. 

 

Performance, Physiological and Perceptual Measures 

During maximal effort sprints, peak power output (PPO) was recorded as the highest power output in 

Watts (W) and during 30 km TT, mean PO was recorded as the average W during 30 s epochs every 2 

km. PO data were recorded by computer software integrated with the air-braked cycle ergometer 

(Velotron CS 2008, RacerMate Inc., Seattle, USA) and exported for later analyses (Excel 2007, 
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Microsoft Corp, Washington, USA). PO is also presented as a percent (%) change from peak sprint PO 

to provide relative comparisons to sprint EMG data. Resting HR was obtained after the participants 

were seated and rested for 5 min and then continuously recorded during TTs via chest-strap and short-

range telemetry system (Polar Team Pro 2, Polar Elector-Oy, Kempele, Finland). 30 s epochs of HR 

was later analysed over every 2 km during the 30 km TTs. Ratings of perceived exertion (RPE) using 

the 6 – 20 point Borg RPE scale (Borg, 1982) was recorded every 2 km throughout the cycling protocol.  

 

Electromyography  

Wireless EMG electrodes (Trigno, Delsys, Boston, Mass, USA) were placed onto the belly of right 

thigh including; vastus medialis (VM), rectus femoris (RF), vastus lateralis (VL) and biceps femoris 

(BF). The sites were prepared by abrasion then cleaned with alcohol wipes and skin was marked with a 

broad-tip pen. For analyses, the data acquisition software (EMG Works, Delsys, Boston, Mass, USA) 

was interfaced with LabChart (LabChart v8.1.6, ADInstruments, NSW, Aus) and simultaneously 

recorded throughout the duration of the cycling protocols. The EMG data was sampled at 1 kHz on the 

LabChart Software with a bandwidth filter of 20 – 450 Hz applied to remove movement artefact. The 

EMG data were later calculated as the root mean square (RMS) and analysed using LabChart Reader 

(LabChart v8.1.2, ADInstruments, NSW, Aus). At each 2 km interval during the TTs, every contraction 

during a 5 s epoch were visually inspected for movement artefact, and the average 10 ms around the 

peak RMS amplitude of each contraction was examined. Peak EMG RMS during the maximal sprints 

were described as 100 % recruitment. EMG data during the TT were normalised by dividing the peak 

EMG RMS of each 5 s epoch every 2 km by the peak sprint values and is expressed as a percent (%) 

change.  

 

Electroencephalogram  

The preparation and data acquisition of the EEG were followed based on manufacturer’s instructions 

(B-Alert, ABM, CA, USA). A 20-channel wireless EEG headset was fitted to the participants scalp, and 
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the placement of electrodes were based on the international 10-20 EEG system. EEG preparation and 

acquisition are consistent with those proposed in Robertson and Marino (Robertson & Marino, 2015). 

For examination of baseline EEG, participants remained in a seated position for 2 min with eyes open 

(EO) followed by 2 min with eyes closed (EC), all visual and noise distractions were removed. EEG 

measurements were also recorded for 90 s (approx. 1 km) every 3 km distance during each time trial. 

Data from channels C3, C4, P3 and P4 were used for analyses based on Broadmann’s areas; motor 

cortex (MC: C3 and C4) and parietal lobe (PL; P3 and P4). All EEG data were processed and analysed 

using the B-Alert computer software (B-Alert Lab, ABM, CA, USA) where a decontamination process 

removed artefact including EMG and eye-blink. Total power in alpha (α) frequency band-waves (8 – 

12 Hz) were examined as they are associated with wakefulness and mental readiness (Périard et al., 

2018) and typically increase at the onset of exercise and are maintained during submaximal exercise 

intensities (Fumoto et al., 2010; Robertson & Marino, 2015). All EEG data were later analysed using 

Microsoft Excel then calculated as percent (%) change from baseline, EO. 

 

Near-Infrared Spectroscopy  

Concentrations of oxy (O2Hb) and deoxy (HHb) haemoglobin were measured at rest during baseline 

EEG-EO, and continuously throughout all exercise trials via near-infrared spectroscopy (NIRS) 

(NIRO200NX, Hamamatsu Phototonics, Shizouka, Japan). NIRS was examined by placing light emitter 

and detector probes over the right hand side of the prefrontal lobe between Fp1 and F4 (international 

10-20 EEG system). Sites were cleaned with alcohol wipes and probes were fixed via adhesive discs 

and secured with black Velcro to deter additional light. The NIRS probes emit light at 775, 810 and 850 

nm wavelengths which scattered light into the closely placed detector probes (interoptode distance = 4 

cm). Beer-Lamberts Law was implemented within the NIRO device to observe changes in O2Hb, HHb 

and expressed as μmol/L·cm. Due to interference of superficial tissue layers, spatially resolved 

spectroscopy parameters of the NIRO200NX system were applied to limit interference of superficial 

tissue during cerebral monitoring (Messere & Roatta, 2013). Therefore, normalised tissue haemoglobin 
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index (nTHI) was simultaneously recorded and is expressed in arbitrary units (a.u). The NIRS data was 

sampled at 1.s-1 and a 30 s epoch was later analysed at rest and every 2 km.  

 

Statistical Analyses 

Differences between conditions were analysed using a two-way (condition x time) repeated measures 

analysis of variance (ANOVA) for all variables collected at each interval including PO, HR, RPE, 

NIRS, EEG and EMG. If significant differences were noted in the ANOVA, a protected LSD pairwise 

comparisons was conducted to establish where significant changes were present. To examine the 

magnitude of differences between conditions effect sizes (Cohens d) were calculated and distributed 

into the following classifications; trivial (< 0.2), small (0.2 – 0.49), moderate (0.5 – 0.79) and large (> 

0.80). In addition, to determine the strength of a relationship between exercise intensity and cerebral 

oxygenation, Pearson’s product-moment coefficients were conducted. Data are presented as mean ± 

standard deviation (SD). Significance was set at P ≤ 0.05. All data were analysed using Statistical 

Package for Social Sciences (SPSS; Version 20, IBM corp., Armonk, NY, USA). 

Results 

Performance 

There were no differences for PPO between the KTT or UTT conditions during the maximal effort 

sprints (KTT: 538 ± 103 W; UTT: 573 ± 90 W; P= 0.36). During the 30 km TT, time to completion was 

significantly longer for the UTT condition compared to the KTT condition (UTT: 51.04 ± 3.26 min, 

KTT: 49.25 ± 3.57 min; P = 0.01). Figure 3.1A presents PO data during UTT and KTT conditions and 

shows that at 8 – 20, 28 and 30 km, PO was higher in the KTT compared to the UTT (P ≤ 0.05: d= 0.65 

– 2.24). Within the KTT condition PO was lower at 4 – 10 (P < 0.03) and higher at 30 km compared to 

the first 2 km (P= 0.001). While in the UTT condition, PO was lower at 6 and 16 km compared to the 

first 2 km (P = 0.04 and 0.01, respectively). Percent change from peak sprint PO (W) is presented in 

Figure 2A. There were no changes evident between the conditions (P > 0.06).  
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Physiological and Perceptual Responses 

As shown in Figure 3.1B, HR was higher for the KTT condition compared to UTT at 18 and 30 km (P= 

0.03). Higher HR was also observed at all times compared to rest within both conditions (Resting HR: 

KTT: 61 ± 9; UTT: 61 ± 8; P = 0.001). Pre-exercise USG showed no difference between the conditions 

(KTT: 1.017 ± 0.008, UTT; 1.014 ± 0.008; P= 0.51; d= 0.45). Glu also showed no change between or 

within UTT and KTT conditions at pre- and post- exercise (KTT pre: 5.1 ± 0.6 and post: 5.2 ± 0.5 

mmol/L; UTT pre: 5.6 ± 0.7 and post: 4.7 ± 1.3 mmol/L; P > 0.10; d= 0.01 – 0.72). La- was higher for 

KTT compared to UTT post-exercise (P= 0.05; d= 1.45), and post-exercise La- was higher for both 

conditions compared to pre exercise (KTT pre: 1.8 ± 0.9 and post: 6.8 ± 1.9 mmol/L; UTT pre: 1.3 ± 

0.2 and post: 5.0 ± 1.7 mmol/L; P < 0.001).   

 

As shown in Figure 3.1C, no differences in RPE were evident between conditions (P > 0.50; d= 0.09 – 

0.45), however, RPE was higher within the KTT and UTT conditions from 4 – 30 km compared to the 

first 2 km (P= 0.00 – 0.02).  
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Figure 3.1 Mean ± SD for (A) power output; (B) heart rate; (C) rating of perceived exertion (RPE) at 

2 km intervals during the known (KTT) and unknown (UTT) 30 km time trials (n= 9);  

* Significant difference between UTT and KTT conditions (P= 0.00 – 0.05);  
a Significant change overtime within the KTT condition (P= 0.001);  
b Significant change overtime within the UTT condition (P= 0.01 – 0.04);  
c Moderate to large effect size between KTT and UTT conditions (d= 0.53 – 2.24).  
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Electromyography  

There were no significant differences between conditions in EMG activity for VM, RF, VL and RF (P 

> 0.05; Figure 3.2). Effect size analyses revealed moderate effect of condition for VM activation at 2, 

6, 8, 12 and 14 km (d= 0.60 – 0.73) and large effects at 10 and 16 – 30 km (d= 0.82 – 1.48). RF activity 

showed moderate effects between conditions at 2 and 26 km (d= 0.51 – 0.58) and large effects at 14 km 

(d= 0.88). VL EMG effects size analyses revealed large effect of condition at 2, 24 and 28 – 30 km (d= 

1.08 – 1.46).  Finally, for BF EMG activity there was a moderate effect of condition at 24 and 30 km 

(d= 0.51 – 0.79) and a large effect at 8, 10 and 14 km (d= 0.86 – 1.04).  

 

Near-Infrared Spectroscopy 

Between the UTT and KTT conditions, there were no differences evident for O2Hb, HHb concentration 

or nTHI at any 2 km distance intervals (P> 0.51; Figure 3.3). However, there was a moderate effect of 

condition for O2Hb concentration at 28 km (d= 0.65) and for HHb concentration at 8, 20, 22, 28 and 30 

km (d= 0.55 – 0.76; Figure 3.3B). Further, nTHI showed a moderate effect of condition at rest and 24 

km (d= 0.51 – 0.58) and large effects at 12 – 20 and 28 – 30 km (d= 0.93 – 2.40; Figure 3.3C). The 

correlation coefficients between PO and cerebral oxygenation concentration during the UTT condition 

were not significant (P≥ 0.32). However, within KTT, there was a strong relationship between HHb and 

PO (r= 0.790; P < 0.001), while no other relationship within the KTT condition were evident (P> 0.29).  

 

Electroencephalogram 

As shown in Figure 3.4, there were no differences between or within KTT and UTT conditions for EEG 

activity across the motor cortex (P > 0.07: Figure 3.4A) or parietal lobe (P > 0.13; Figure 3.4B). 

However, effect size analysis revealed a moderate effect of condition at the MC at 14 and 17 km (d= 

0.56 – 0.76) and at the PL at 4 – 8, 14 – 18 and 20 – 30 km (d= 0.50 – 0.77) and large effects at the PL 

at 2, 12 and 18 km (d= 0.82 – 0.87).  
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Figure 3.2 Mean ± SD percent change for (A) relative power output, (B) vastus medialis, (C) rectus 

femoris, (D) vastus lateralis, and (E) biceps femoris during the 30 km time trials for the known (KTT) 

and unknown (UTT) conditions (n= 9);  

* Significant difference between UTT and KTT conditions (P= 0.04 - 0.05);  
a Significant change overtime within the KTT condition (P= 0.03); 
b Significant change overtime within UTT (P= 0.00 - 0.03);  
c Moderate to large effect size between KTT and UTT conditions (d= 0.51 – 1.48). 
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Figure 3.3 Mean ± SD of prefrontal haemoglobin concentrations for (A) oxygenated haemoglobin 

(O2Hb), (B) deoxygenated haemoglobin (HHb) and (C) normalised tissue index (nTHI) in arbitrary 

units (a.u) during the 30 km cycling trials for the known (KTT) and unknown (UTT) conditions (n= 9);  

* Significant difference between UTT and KTT (P= 0.01 – 0.03);  
a Significant change overtime within the KTT condition (P= 0.04 – 0.05);  
b Significant change overtime within UTT (P= 0.03 – 0.05); 
c Moderate to large effect size between KTT and UTT conditions (d= 0.50 – 2.40). 
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Figure 3.4 Mean ± SD of electroencephalogram (EEG) activity percent change from baseline (eyes 

open; EO) for (A) motor cortex (MC); and (B) parietal lobe (PL), during the known (KTT) and 

unknown (UTT)30 km cycling trials (n= 6).  
c Moderate to large effect size between KTT and UTT conditions (d= 0.50 – 0.87). 
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Discussion 

The primary aim of this investigation was to examine knowledge exercise of endpoint versus blinding 

to exercise endpoint during 30 km cycling TT on performance, pacing strategies and the relationship 

with cortical activity. A novel finding in the current study was the higher normalised tissue haemoglobin 

index (nTHI) and deoxygenation (HHb) coinciding with an increase in power output during the 

characteristic end-spurt for the KTT condition indicative of greater neural activity across the PFC. In 

addition, this study reports that when performance endpoint is available, participants were able to 

produce a higher power output throughout the trial and alter their pacing profile from a conservative 

even profile to allow for an end-spurt, in spite of similar heart rate and RPE compared to withholding 

endpoint information. PO pacing profiles for both interventions coincided with EMG changes of the 

VM and VL muscles, however, these did not seem related to EEG activity across the motor cortex. 

Thus, withholding performance duration and exercise endpoint is associated with participants’ 

downregulating exercise intensity and engage in a more conservative pacing profile to accommodate 

for the unknown circumstances. Given the known role of the PFC in decision making and performance 

execution during exercise (Périard et al., 2018; Radel et al., 2017; Robertson & Marino, 2016), these 

data from the present study provide evidence to suggest that the changes in deoxygenation across the 

prefrontal cortex may also play an important role in the formation and modification of an exercise 

template during self-paced performances based on physiological feedback and knowledge of endpoint. 

Moreover, the PFC may contribute to the development and continual adjustment of ratings of perceived 

exertion during self-paced exercise which can be influenced knowledge of exercise endpoint.    

 

Typically, when participants engage in open-loop exercise, pacing for optimal performance may be 

compromised as focus will shift to utilising prior experience for completion of the task at hand, and 

minimising homeostatic disturbance (Jones et al., 2013). As such, in the present study, when participates 

were provided with feedback regarding remaining distance to completion, they were able to sustain a 

higher power output for the duration of the 30 km trial when compared to a trial where exercise duration 

was blinded. Interestingly, despite the differences in PO there were no changes between the conditions 
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for HR until the final 2 km of the trials. As participants were provided with HR responses for the 

duration of both trials, there may have been pacing strategies adopted to regulate the rate of rise in HR, 

and thus, the down-regulation of exercise intensity during the UTT condition may have been modified 

accordingly. Furthermore, RPE was not different between the conditions, and while this follows the 

physiological perturbations (HR), others have shown that RPE is typically higher during open-loop 

exercise (Billaut et al., 2011). Considering participants were in a similar physiological state when 

commencing exercise, and the difference in PO within the first 10 km of the trial, despite no differences 

in RPE, suggests that the mere lack of knowledge about information pertaining to exercise endpoint, 

will alter pacing strategies to maintain a similar rating of perceived exertion. This further highlights that 

the generation of an RPE may be from feedback from range of sources, including the interpretation of 

exercise endpoint. Similar research has shown that open-loop self-paced exercise or blinding and 

deceiving participants of exercise duration, may divert the generation of pacing to be based on 

perception of effort (Paterson & Marino, 2004), previous experience (Shei et al., 2016; Smits et al., 

2016) and physiological feedback (Williams et al., 2016) rather than remaining duration. Specifically, 

evidence from Swart et al., (2009) shows that blinding cyclists to exercise endpoint until the final km 

of a 40 km cycling TT produced a more conservative pacing profile and a perceived exertion strategy 

that would allow for a greater metabolic reserve. Similarly, Smits et al, (2016) reported an increase in 

PO during the initial and final stages of a self-paced 20 km exercise trial when feedback was provided, 

indicative of a ‘U’ shaped pacing profile, however, when no feedback was provided, PO was consistent 

for the duration of the trial, with no clear end-spurt evident in power distribution.  Therefore, it is likely 

that the reduction in PO and altered pacing profile in the present study may be the result of both the 

unknown duration, but other physiological and psychological factors (Swart, Lamberts, Lambert, 

Lambert, et al., 2009) to regulate exercise performance to maintain internal homeostatic conditions 

(Renfree, Martin, Micklewright, & Gibson, 2014).  

 

There is still some debate regarding the regulation of drive to the muscle during endurance exercise, 

and whether fatigue can be attributed to changes at the periphery or modulated by central mechanisms 
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(Decorte et al., 2012; Hureau et al., 2014). While it is suggested that activation of the working 

musculature is related to efferent drive (Amann & Dempsey, 2008) research is yet to confirm the 

relationship between neural activity and muscle activation in response to open-loop exercise (Billaut et 

al., 2011). In the current study, greater skeletal muscle activity was evident for the knee extensors during 

the KTT condition compared to the UTT condition. Furthermore, the changes in activation and PO 

appear to be consistent up to the end-spurt, which may suggest muscle activation was increased in order 

to generate additional force for the final increase in PO, however, the antagonist muscle (BF) remains 

relatively unchanged. Research has shown that there is complexity in the patterns of co-contraction 

between agonists and antagonists of EMG prior to fatigue (Hautier et al., 2000). Similarly, Hautier et 

al., (2000) reported no change in antagonist activity of the leg extensor muscles during repeat sprint 

efforts. The authors suggest this is primarily due to the higher training status of their participants and 

concluded that well-trained cyclists can produce more efficiency during co-contraction of pedalling 

action. The consistency in EMG activation and PO during the KTT condition is also reflected in the 

UTT condition, as there appears to be steady EMG activity for the duration of the UTT. This EMG 

output reflects the more conservative ‘even’ pacing profile selected when participants were blinded to 

exercise duration. Research indicates that not only is pacing regulation based on sufficient prior 

experience of the exercise bout, but activation and tracking of active musculature to PO during such 

exercise is equally important and requires ample experience (Ansley, Lambert, et al., 2004). Therefore, 

we propose that the conservative pacing approach, and reduction in activity of the skeletal muscle in 

the UTT condition is indicative of a reserve capacity (Stone et al., 2017) to reduce risk of premature 

fatigue during the unknown circumstances. Additionally, the increase in activation of the major muscles 

associated with the pedalling action reflected the increase in PO during the end-spurt during the KTT 

condition, suggests participants in the KTT condition were able to anticipate and complete an end-spurt 

by increasing neural drive to the appropriate musculature.  

 

Pacing during self-paced endurance events is supposedly premeditated based on previous experience 

and modified appropriately to remaining duration and current metabolic and psychological states, but 
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further performance adjustments may occur in response to afferent feedback being interpreted by the 

brain (Marino, 2014; Subudhi et al., 2007). As yet there is limited evidence to support this theory by 

examining changes in cerebro-cortical activity. Upon examination of the current data, both conditions 

revealed an expected increase in cerebral oxyhaemoglobin compared to rest (Shibuya et al., 2009), 

though no oxyhaemoglobin differences were evident between conditions. The lack of difference 

between conditions may be due to the higher training status of the participants showing a greater ability 

to preserve the rate of oxygenated heamoglobin during exercise (Santos-Concejero et al., 2014). 

Furthermore, Rupp and Perrey (Rupp & Perrey, 2008) have shown that a reduction in activity across 

the PFC, evidenced by reduced O2Hb concentration, becomes apparent upon reaching exhaustion at 

exercise intensities exceeding the respiratory compensatory point (RCP), near 80 % VO2max 

(Robertson & Marino, 2015). The RCP is associated with increasing metabolic acidosis and minute 

ventilation (Broxterman et al., 2015), which creates a redistribution of blood flow (Querido & Sheel, 

2007) and is commonly followed by an immediate reduction in O2Hb prior to point of exhaustion 

(Perrey, 2008). Furthermore, recent evidence has eluded to the role of PFC in exercise termination 

during incremental exercise (Robertson & Marino, 2015; Rupp & Perrey, 2008). Given the self-paced 

nature of the time trials in the current study, we suggest that the absence of a reduction in cerebral 

oxygenation during self-paced work may be indicative of some regulation of oxygen delivery to 

eliminate the risk of developing hypoxia (Billaut et al., 2010). As exercise intensities throughout the 

TTs were below the RCP (in relation to the ventilatory data collected during baseline VO2max testing), 

this may explain the lack of differences in O2HB and HHb observed during the first 26 km of the 

respective time trials. Moreover, the differences observed during the final 2 – 4 km between conditions 

may be the result of greater exercise intensities during the final end-spurt in KTT. This regional increase 

in blood volume across the PFC coincides with efforts of high-intensity exercise during the end-spurt 

as participants are increasing exercise intensity approaching the RCP. Furthermore, the current data 

demonstrate a strong relationship (r= 0.790; P < 0.001) between oxygen extraction (HHb) and exercise 

intensity. There is evidence to suggest that the rate of deoxygenation during exercise may contribute to 

changes in exercise intensity to evade severe physiological harm by ischemia to vital organs (Billaut et 

al., 2010). Further, it has been proposed that while deoxygenation may occur during strenuous self-
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paced exercise, it may be tightly regulated to maintain metabolic status, thereby influencing pacing 

strategies (Billaut et al., 2010). From these findings we suggest that an increase in the haemoglobin 

index may be indicative of some neural influence from the PFC over pacing strategies by regulating 

physiological reserve and rate of oxygen extraction during the KTT condition in preparation for the 

‘sprint to the finish’ (Billaut et al., 2010; Stone et al., 2017). 

 

Unfortunately, due to data acquisition limitations, prefrontal cortex EEG data were not able to be 

processed, however changes are apparent across the prefrontal cortex for oxyhaemoglobin 

concentrations suggesting increased activity. Interestingly, despite the suggested changes in neural 

activity across the PFC, there were minimal differences between conditions for EEG alpha wave activity 

across the motor cortex. The role of the PFC at rest and during physical activity remains unclear, though 

there is some evidence to suggest that the PFC may execute functions associated with memory and 

decision making (Enders et al., 2016; Gallese & Lakoff, 2005). Additional research has further 

suggested that the PFC may regulate exercise output by interpreting emotional and sensory information 

and feeding into the MC through afferent pathways (Robertson & Marino, 2017). A novel finding in 

the current study is the lack of change across the motor cortex while a greater rate of oxygen extraction 

and haemoglobin index at the prefrontal cortex, and higher parietal lobe activity was evident, which 

corresponds with increasing exercise intensity. From these data, it may be suggested that the PFC may 

be more likely associated with the regulation of exercise intensity due to the role of interpreting emotion 

(Craig, 2003) and the regulation of top-down processing by guiding behaviour (movement) based on 

internal states (afferent feedback) (Robertson & Marino, 2015). In addition, activation of the primary 

sensory cortex within the parietal lobe is reported to be related to tasks involving attention and arousal 

(Coull, 1998), and may communicate with the PFC (Edwards & Polman, 2013). While traditional 

perspectives about the generation of central drive during incremental exercise to exhaustion comes from 

areas of the MC and pre-motor areas (Brümmer et al., 2011; Subudhi et al., 2009), we propose that 

during submaximal exercise, the PFC contributes to the generation of movement behaviour based on 

sensory inputs. We further suggest that these data may indicate some cerebral regulation, particularly 
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from regions of the PFC, over motor function in anticipation of the exercise endpoint during the KTT 

condition. These data highlight the importance of the PFC relating to the interpretation of emotions, 

internal state, and the moderation of pacing strategies during closed-loop self-paced exercise (Robertson 

& Marino, 2015). Based on these findings, we suggest that the PFC may regulate physiological reserve 

during self-paced exercise in anticipation of the end-spurt when remaining duration is provided. Further, 

we also propose that the development of ratings of perceived exertion may be based on collective 

feedback interpreted by this region of the brain to regulate exercise intensities and remain within 

physiological constraints (Abbiss et al., 2015; Craig, 2003).   

 

In conclusion, it appears that the provision of performance feedback and exercise endpoint can improve 

performance during self-paced 30 km cycling TTs. This improvement is achieved by an increase in 

skeletal muscle activation and allowing for higher power output during the end-spurt to the finish. 

Further, our data suggest that there may be greater neural activity when knowledge of endpoint is 

available as made evident by increasing activity across regions of the PFC which may have contributed 

to the execution of the greater drive to the active muscles. These findings support the existence of a 

relationship between the brain and fatigue during self-paced exercise, and further elude to the presence 

of physiological reserve during such exercise as metabolic resources were no longer at risk of disturbing 

homeostatic control during preparation for the sprint to the finish (Stone et al., 2017).  
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Abstract  

While pacing during exercise is well understood, little is known about the neural responses associated 

with changes in power output and the effect of exercise endpoint knowledge. Therefore, the aim of this 

study was to examine the deception of cycling distance on pacing, cerebral oxy (O2Hb) and deoxy 

haemoglobin concentrations and alpha (α) wave activity. 10 well-trained male cyclists (23.7 ± 6.6y) 

completed three cycling time trials (TT) on a stationary air-braked cycle ergometer and were informed 

the study was to examine the reliability of 3 x 30km time trials (TT). Participants unknowingly 

completed three distances (24, 30 and 36km) in a randomised order. Performance (power output; PO), 

physiological (heart rate; HR), perceptual (rating of perceived exertion; RPE) and neurological (O2Hb, 

HHb and α activity) measures were recorded throughout each TT. Data were converted to a percentage 

relative to the total distance covered. At 100% completion, HR and PO was lower during the 36km 

compared to the 30km trial (P≤ 0.01). Compared to the 24km trial, α waves were reduced at 100% 

(effect size; ES= 1.01), while O2Hb was greater at 70% of completion in the 36km trial (ES= 1.39). 

RPE was also higher for 36 km compared to 30 km trial at 80% and the 24 km trial at 10 % and 40 – 

100 % of completion (P≤ 0.02). We conclude that the increase in O2Hb and RPE during the 36km trial 

while a reduction in HR and PO was present, may indicate that the prefrontal cortex may influence the 

regulation of exercise performance when deceived of the trial duration. We suggest that the increase in 

RPE may be in response to a mismatch between trial expectations and increased duration, which lead 

to a reduction in PO to reduce premature onset of physiological strain.   

 

Key words: anticipation; central regulation; cerebral oxygenation; pacing strategies   
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Introduction 

Due to the physiological and metabolic demands of prolonged exercise efforts, high-intensity exercise 

(i.e. above anaerobic threshold) cannot be sustained (Ansley, Noakes, et al., 2004). As such, athletes 

initiate and alter pacing to optimise performance and minimise physiological strain (Abbiss & Laursen, 

2008). Previous research suggests that the application of pacing strategies may, in part, occur in an 

anticipatory manner (Abbiss & Laursen, 2008; de Koning et al., 2011; Mauger et al., 2009) and the 

regulation of exercise may be determined based on metabolic demands and the perception of effort (de 

Koning et al., 2011; Ulmer, 1996). Athletes will also utilise information about performance, such as 

time to completion or remaining distance, to set and adjust their exercise intensity (Jones et al., 2013). 

Withholding such information about exercise endpoint can alter performance in both prolonged 

(Albertus et al., 2005), and repeated sprint efforts (Billaut et al., 2011). Evidence suggests that these 

changes in performance may be attributed to either peripheral (Pringle & Jones, 2002) or centrally-

mediated mechanisms (Marino, 2014; Noakes et al., 2005). Marino (2004) proposed that if an athlete 

undertakes a trial with an unknown endpoint, there may be an anticipatory down-regulation of neural 

drive to the working skeletal muscle via centrally mediated control of exercise regulation. It is suggested 

this down-regulation may be the result of a subconscious adjustment to metabolic output and pacing to 

complete an exercise bout without causing overwhelming disturbances to a homeostatic environment 

(Abbiss & Laursen, 2008; Paterson & Marino, 2004).  

 

While there is evidence to suggest that pacing strategies employed during a cycling trial when blinded 

to performance feedback may be based on physiological strain (Albertus et al., 2005), pacing strategies 

may also as being based on perceived exertion (Paterson & Marino, 2004). Further, when blinded to 

performance feedback, an athlete may be able to generate a pacing strategy based on previous 

experience (Mauger et al., 2009; Ulmer, 1996). Swart, Lamberts, Lambert, Lambert, et al., (2009) 

proposed that strenuous exercise trials may be completed with some subconscious regulation of 

anticipatory reserve, whereby athletes may exercise under their maximal performance capabilities 

(Stone et al., 2011). When exercise endpoint is longer than expected, perceived exertion may increase 
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in spite of no change to physiological responses and exercise intensity (Eston, Stansfield, et al., 2012). 

This increase in perceived exertion may be indicative of interruptions to the feedback/ feedforward 

mechanisms of exercise performance. Additionally, when athletes exercise for an unknown duration, 

physiological responses, including heart rate will be lower than during exercise trials of a known 

duration (Eston, Stansfield, et al., 2012). Deception of the exercise endpoint shows that pacing strategies 

adopted during endurance exercise may be regulated to preserve or maintain homeostasis and minimise 

perceptual strain in anticipation of further physical activity requirements or to avoid early termination 

of the exercise bout and cellular disruption (Baden et al., 2005; Eston, Stansfield, et al., 2012; Swart, 

Lamberts, Lambert, Lambert, et al., 2009).   

 

While studies have suggested that centrally-mediated factors may be associated with the regulation of 

exercise intensity, limited research has directly examined the changes in neural activity while deceiving 

participants of the exercise endpoint. To measure neural activity during exercise, near infrared 

spectroscopy has been established to be a reliable method to examine haemoglobin concentrations 

across the cerebral cortex (Billaut et al., 2010), while electroencephalogram (EEG) is established to 

provide an effective measure of the perceptual, physical and emotional responses to exercise (Bailey et 

al., 2008; Nybo & Nielsen, 2001b). Although a link has been established between motor unit recruitment 

and power output during self-paced exercise (Kay et al., 2001; Mauger et al., 2009), evidence to suggest 

that this may stem from changes across the cerebral cortex is scant. Studies have reported a relationship 

between increasing cortical signals and voluntary exercise efforts (Bourdillon & Perrey, 2012; Kubitz 

& Mott, 1996; Perrey, 2008; Robertson & Marino, 2017) while others have reported a reduction in 

prefrontal oxygenation prior to motor output cessation at exhaustion (Rupp & Perrey, 2008). In addition 

to cerebral haemodynamics, Robertson and Marino (2017) have suggested that brain wave activity may 

be representative of increased central nervous system (CNS) processing and cerebral autoregulation to 

maintain homeostasis. In particular, recent evidence purports contributions from the prefrontal cortex 

(PFC) to the regulation of self-paced performances by influencing planning and executive functions 

(Enders et al., 2016; Radel et al., 2017). While these studies may demonstrate changes in neurological 
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changes and exercise intensity, the neural regulation of exercise intensity while manipulating exercise 

endpoint expectations (deception) remains unclear.  

 

Therefore, the primary aim of the current study was to examine the manipulation of cycling distance, 

without the participant’s knowledge, on changes to cerebral haemoglobin concentrations and 

electroencephalogram (EEG) activity. A secondary aim was to determine if unknown changes in cycling 

distance may alter pacing strategies, muscle activation and perceived exertion. We hypothesise that 

oxyhaemoglobin (O2Hb) concentrations and EEG activity will increase when participants are deceived 

of exercise endpoint and when there is additional distance to be covered. We further hypothesise that 

changes in perceived exertion, muscular activation (via electromyography; EMG) and pacing strategies, 

will be based on previous experience and escalating physiological responses and will be evident by a 

gradual increase is power output leading up to the expected exercise completion.  

 

Methods 

Participants 

Ten well-trained, male cyclists volunteered to participate in the study. They trained >150 km per week 

and were at the state and/or national level of competition (age 23.7 ± 6.6 y, mass 78.3 ± 5.7 kg, height 

183.0 ± 4.6 cm). Ethics approval was gained from the Human Research Ethics Committee prior to data 

collection. Informed consent was obtained from all individual participants included in the study.  

 

Overview 

Participants completed a familiarisation session where they were informed the purpose of the study was 

to examine the reliability of central and physiological responses to three separate 30 km time trials (TT). 

In order to ensure all participants were accustom with the exercise protocol, a familiarisation session 

included a 30 km TT on a stationary cycle ergometer to be used for all succeeding trials (Velotron, 

RacerMate Inc., Seattle, USA). Prior to commencing the 30 km TT, participants completed 3 x 6 s 

maximal effort sprints from a stationary start for normalisation of the electromyography (EMG) data. 
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During all cycling efforts of the familiarisation, participants were positioned to have a feedback of their 

performance including power output, cadence, distance covered and heart rate in real time on a 

computer screen. The familiarisation was also completed to minimise learning effects and increase test-

retest reliability (Marino, 2012).  

 

Following familiarisation, participants returned to complete 3 x cycling TT, each separated by 5-7 days 

(6 ± 1 days). As data collection was completed during the pre-competition training phase, participants 

were permitted to complete regular training, however, were instructed to arrive on the morning of testing 

in a rested state. All trials were completed in consistent ambient conditions (25.9 ± 2.3°C). Following 

a 5 min warm-up on cycle ergometer, participants completed maximal sprints, and were instructed to 

remain seated to complete the ‘all-out’ efforts for 6 s followed by a 24 s recovery. Following 5 min 

active recovery from sprints, participants were instructed to complete a 30 km TT in the quickest time 

possible. However, participants were assigned to complete three trials with three varying distances (24, 

30 and 36 km) in a randomised order. During the TT’s all performance feedback was withheld except 

for heart rate via chest strap and wrist watch receiver (F1, Polar, Elector-Oy, Kempele, Finland). Once 

all participants had completed the study, they were then made aware of the true nature of the study and 

the actual distances covered. Feedback from participants indicate that the deception was successful as 

participants were unable to detect any difference in distance between the cycling trials. 

 

Measures 

Peak Oxygen Uptake  

Participants completed a peak oxygen uptake test (VO2peak) using a ramp protocol on a stationary cycle 

ergometer (Wattbike Pro, Nottingham, United Kingdom) and metabolic cart (Medgraphics Ultima 

System, Saint Paul, USA). Following a 5 min cycling warm-up, the ramp protocol commenced. For the 

first minute, power output (PO) remained at 120 W and increased by 35 W every minute thereafter until 

volitional exhaustion. 
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Performance  

Peak power output (PO) was recorded as the highest PO during each sprint in Watts (W) in real-time 

computer software integrated with the air-braked cycle ergometer (Velotron, RacerMate Inc., Seattle, 

USA). During each TT, PO was continuously recorded using synchronised computer software (Velotron 

CS 2008, RacerMate Inc., Seattle, USA). 30 s epochs were later analysed (Excel2007, Microsoft Corp, 

Washington, USA) for mean PO at 10 % intervals relative to the total trial distance during the 24, 30 

and 36 km trials.  

 

Physiological and Perceptual  

Prior to cycling trials, a mid-stream urine sample was analysed to determine urine specific gravity 

(USG) as a measure of hydration status via refractometer (PEN-SW, Atago, Tokyo, Japan) if 

participants presented with a USG >1.020 mmol/L they were provided with 500 mL water to consume 

prior to commencing the TT and USG was retested. Participants wore a chest strap and wrist-watch 

receiver (F1, Polar, Elector-Oy, Kempele, Finland) to determine resting heart rate (HR) while in a 

seated, rested position for 5 min. During the cycling trials, the wrist-watch receiver was placed onto the 

handlebars of the bike in clear view for the participant. HR was also continuously recorded via 

Bluetooth to Polar Team Sport computer software (Team Pro 2, Polar, Elector-Oy, Kempele, Finland). 

Ratings of perceived exertion (RPE) using the 6 – 20 point Borg RPE scale (Borg, 1982) was recorded 

every 2 km throughout the cycling protocol.  

 

Electromyography (EMG) activity 

To examine changes in muscular activity of the right leg extensors, wireless EMG electrodes (Trigno, 

Delsys, Boston, Mass, USA) were placed onto the belly of vastus medialis (VM), rectus femoris (RF), 

vastus lateralis (VL) and flexor, biceps femoris (BF). The sites were prepared by marking the skin with 

a felt-tip marker, abrading the skin and cleaning the area with alcohol wipes. For analyses, the data 

acquisition software (EMG Works, Delsys, Boston, Mass, USA) was interfaced with LabChart 

(LabChart v8.1.6, ADInstruments, NSW, Aus) and simultaneously recorded throughout the duration of 
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the cycling protocols. The EMG data were sampled at 1 kHz on the LabChart Software with a bandwidth 

filter of 20 – 450 Hz applied to remove additional artefact. 

 

The EMG data were later calculated as the root mean square (RMS) and rectified by applying a median 

filter and manually analysed using LabChart Reader (LabChart v8.1.2, ADInstruments, NSW, Aus). 

Peak EMG data during the pre-cycling sprints are described as 100% recruitment, and all EMG data 

preceding were normalised to the peak EMG RMS of the maximal sprints (volts; V) over a 5 s epoch 

during each 10 % interval of the cycling TTs.  

 

Cerebral Oxygenation 

Near-infrared spectrometry (NIRS) was measured during the EEG baseline measure with eyes open 

(EO) at rest and continuously throughout all cycling trials (NIRO200NX, Hamamatsu Phototonics, 

Shizouka, Japan). NIRS was recorded by placing light emitter and detector probes (interoptode distance 

= 4 cm) between Fp1 and F4 over the prefrontal lobe (EEG 10-20 System). The site was cleaned with 

an alcohol wipe and the probes then fixed via adhesive discs and secured with black Velcro to deter 

unnecessary light. NIRS data were used to examine changes in oxygenated (O2Hb), deoxygenated 

(HHb) cerebral haemoglobin concentrations and normalised tissue haemoglobin index (nTHI) at rest 

and throughout the cycling trials. The NIRO-200NX system emit light through superficial layers of 

tissue at 775, 810 and 850 nm wavelengths. O2Hb and HHb concentrations were expressed as 

μmol/L·cm and were calculated during data acquisition by applying a modified Beer-Lamberts Law. 

Normalised tissue haemoglobin index was further examined to support the findings in concentrations 

of oxygenated haemoglobin. nTHI is expressed in arbitrary units and is calculated by applying spatially 

resolved spectroscopy methods to limit interference from superficial layers of tissue (Kimura et al., 

2015). During resting measures, participants were seated in an upright position for 5 min prior to 

commencing data collection. The NIRS data was sampled at 1.s-1 and a 30 sec epoch was later analysed 

every 2 km and 10% interval of each trial.  
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Electroencephalogram (EEG) 

A 20-channel wireless EEG headset was fitted to the participant’s head, and the placement of electrodes 

was based on the 10-20 EEG international system (B-Alert, ABM, CA, USA). EEG baseline data 

included 2 min eyes open (EO) followed by 2 min eyes closed (EC) while the participant was seated 

prior to commencing cycling trials. The participant was instructed to remain as still as possible while 

baseline resting measurements were taken while facing a blank wall in a room without noise or visual 

distractions. EEG measurements were also recorded for 1 km (approx. 90 s) at every 3 km distance 

during each trial. EEG preparation and recording are consistent with those outlined in Robertson and 

Marino, (2015). Mean data from channels C3, C4 and P3, P4, respectively, were used for analyses based 

on Brodmann’s areas; motor cortex (MC: C3 and C4) due to the suggested association with motor 

activity (Robertson & Marino, 2017). The parietal lobe (PL; channels P3 and P4) was examined due to 

association with sensorimotor functions (Abhang, Gawali, & Mehrotra, 2016). All EEG data were 

processed and analysed using the B-Alert computer software (B-Alert Lab, ABM, CA, USA) where a 

decontamination process removed artefact including EMG and eye-blinks. Total power in alpha (α) 

frequency band-waves were exported into Microsoft Excel and analysed to determine mean activation 

across the respective channels. Alpha (α) waves were examined due to the association with a state of 

mental readiness and wakefulness (Périard et al., 2018). Recent studies have demonstrated that alpha 

wave activity typically increases upon commencement of physical exercise and may be maintained 

during submaximal exercise intensities (~ 50 % VO2peak) (Fumoto et al., 2010; Robertson & Marino, 

2015). Data were then calculated as percent (%) change from baseline (EO). 

 

Statistical Analyses 

A priori sample size calculation was completed for the relative distance (10 % - 100%) variables using 

G*Power (version 3.1.9) for repeated measures, within factors analysis of variance (ANOVA) using the 

parameters: effect size F = 0.25, α error probability = 0.05, power = 0.80. Results indicated that a sample 

size of 9 participants would provide the required statistical power.   
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Data are presented as Mean ± Standard Deviation (SD). The data are reported both as a relative value 

in 10 % increments of the total distance covered and in absolute terms at 2 km intervals for the respective 

24, 30 and 36 km trials. Differences between trials were established using repeated measures (condition 

x time) ANOVA during the 24, 30 and 36 km trials and protected LSD pairwise comparisons to 

determine where significant differences were present. Significance was set at P ≤ 0.05. Standardised 

effect size (ES) analysis was completed using a published statistical spreadsheet (Hopkins, 2017) to 

examine differences between the 24, 30 and 36 km conditions for all variables. The following criteria 

were used for ES interpretation: trivial (<0.2), small (0.2-0.6), moderate (0.6-1.2), large (1.2-2) and 

very large (>2.0). Pearson Correlations analysis were used to determine a relationship between RPE 

and O2HB, HHb and nTHI during each TT. Statistical Package for Social Sciences (SPSS; V25, 

Chicago, IL) was used for statistical analysis.  

Results  

Performance 

Peak and mean values for VO2peak is 69.8 ml·kg·min-1 and 63.6 ± 5.7 ml·kg·min-1, respectively. Further, 

peak and mean peak power output achieved during the VO2peak criteria were 517 Watts (W) and 457 ± 

49 W, respectively.   

 

Mean sprint data demonstrates no differences between the 24 (523 ± 103 W), 30 (538 ± 102) or 36 km 

(569 ± 122; P > 0.14) trials for all sprints. As expected, time to completion was significantly different 

between the 24 (41:20 ± 2:12 min), 30 (51:22 ± 03:24 min) and 36 km (1:01:49 ± 03:39 h: min; P < 

0.001) trials.  Effect size analysis shows a moderate effect for PO between the 24 and 30 km trial at 80 

and 90 % completion (ES= 0.71 and 0.60, respectively; Figure 4.1A), and between the 24 and 36 km 

trial at 100 % completion (ES= 0.88). Between the 30 and 36 km trial, a large effect was evident between 

the 30 and 36 km trial at 100 % (ES= 1.37). Absolute PO for the 24, 30 and 36 km trials showed a 

moderate effect for the 30 km trial compared to the 24 km trial (ES= 0.72) and the 36 km trial (ES= 

0.61) at 22 km (Figure 4.2A). Trivial to small ES were noted for all other time points during the time 

trials. 
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Physiological and Perceptual   

Pre exercise USG was not different between the conditions (24 km: 1.017 ± 0.004; 30 km: 1.014 ± 

0.008; 36 km: 1.016 ± 0.010; P > 0.07). Figure 4.1B shows HR was higher in the 30 km trial at 90 (P= 

0.03; ES= 0.90) and 100% (P= 0.02; ES= 1.21) compared to the 36 km trial. In addition, there was a 

moderate effect between the 24 and 36 km trials at 100 % completion (ES= 0.78). Analysis of absolute 

HR revealed no differences between conditions at rest or from 2 – 24 km (P > 0.08; Figure 4.2B), though 

there was a moderate effect for the 36 km trial compared to the 24 and 30 km trials at 8, 10 and 22 km 

(ES= 0.64 – 0.85).  

 

Participants reported lower RPE during the 24 km trial at 10 % and 70 – 100% compared to the 30 km 

trial (P < 0.03; ES= 0.92 – 1.84; Figure 4.1C) and at 10% and 40 – 100 % in the 36 km trial (P < 0.02; 

ES= 0.64 – 2.57). The 36 km trial also had higher RPE at 80 % compared to the 30 km trial (P= 0.01; 

ES= 1.30). Absolute RPE every 2 km revealed higher RPE for the 36 km trial compared to the 24 km 

trial at 16 and 24 km (P < 0.02; ES= 0.68 – 0.87).  
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Figure 4.1 Mean ± SD relative workload at each 10 % interval for (A) power output, (B) heart rate 

and (C) rating of perceived exertion the 24, 30 and 36 km trials (n= 10);  
* Significant difference between the 30 and 36 km trials (P=0.01 – 0.03);  
a Significant difference between the 24 and 36 km trials (P= 0.03);  
b Significant difference between the 24 and 30 km trials (P= 0.00 – 0.03);  
c Moderate to very large effect between 24 and 30 km trials (ES= 0.71 – 1.84);  
d Moderate to very large effect between 24 and 36 km trials (ES= 0.64 – 2.57);  
e Moderate to very large effect between 30 and 36 km trials (ES= 0.90 – 1.37) 
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Electromyography (EMG) 

Relative EMG activity of VM, RF, VL and BF are presented in Figure 4.3. There were no significant 

effect between or within conditions for EMG activity at any muscle (P > 0.315), however, effect size 

analysis of VM and VL activity revealed only small to moderate differences between conditions (ES= 

0.02 – 0.47). There were moderate effects for RF activation for the 24 km trial compared to the 30 km 

trial at 50, 70 and 100 % completion (ES= 0.62 – 0.92) and large effects at 80 – 90 % completion (ES= 

1.55 – 1.61). Between the 24 and 36 km trial there was a large effect at 50, 60, 80 and 100 % completion 

(ES= 0.85 – 1.15) and very large at 90 % completion (ES= 2.19). A moderate effect was also evident 

between the 24 and 30 km trial at 60 % completion (ES= 0.78).  

 

Absolute EMG revealed no significant differences between conditions for all muscles (P > 0.221), and 

only trivial and small effects between conditions for VM and VL activity from 2 – 30 km (ES= 0.02 – 

0.49; Figure 4.4A). RF EMG changes are presented in Figure 4B and revealed moderate effects for the 

24 compared to the 30 km trial at 2 and 16 km (ES= 0.77 and 0.79, respectively). For the 24 km 

compared to the 36 km trial there were moderate effects at 8, 12, 22 and 24 km (ES= 0.90 – 1.18), large 

effects at 14, 18 and 20 km (ES= 1.31 – 1.49) and very large effects at 16 km (ES= 2.21). Finally, BF 

EMG shows a moderate effect for the 36 km trial compared to the 24 and 30 km trials at 2 km (ES= 

0.66 and 0.67, respectively).  
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Figure 4.3 Mean ± SD relative workload (%) for electromyography activity across vastus medialis 

(VM), rectus femoris (RF), vastus lateralis (VL) and biceps femoris (BF) during the 24, 30 and 36 

km trials (n= 10);  
c Large effect between 24 and 30 km trials (ES= 0.62 – 1.61);  
d Large to very large effect between 24 and 36 km trials (ES= 0.85 – 2.19) 
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Figure 4.4 Mean ± SD electromyography activity at every 2 km interval across vastus medialis 

(VM), rectus femoris (RF), vastus lateralis (VL) and biceps femoris (BF) during the 24, 30 and 36 

km trials (n= 10); 
c Moderate to large effect between 24 and 30 km trials (ES= 0.77 – 0.79);  
d Moderate to very large effect between 24 and 30 km trials (ES= 0.90 -2.21);  
e Moderate to large effect between 30 and 36 km trials (ES= 0.68 – 0.97) 
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Cerebral Oxygenation 

There were no significant differences between conditions for any measure of cerebral oxygenation 

including O2Hb, HHb and nTHI (P > 0.10) within the relative or absolute data. However, effect size 

analysis for changes in O2Hb concentration revealed a moderate effect between the 24 and 36 km trial 

at rest and 40 – 50 % (ES= 0.70 – 0.95) and a large effect at 70 % completion (ES= 1.39). Between the 

30 and 36 km trials, there was a moderate effect from 80 – 100 % completion (ES= 0.70 - 0.82) and 

large effect at 70 % completion (ES= 1.35; Figure 4.5A). There was a moderate effect for nTHI 

concentration between the 24 and 30 km trials at 20 % completion (ES= 0.75). Moderate effect for nTHI 

concentration was observed also between the 30 and 36 km trials at 30 % completion (ES= 1.04) and a 

large effect at 20 % completion (ES= 1.24). Effect sizes for HHb concentration for the 24 km trial 

compared to the 30 km trial were moderate from 50 – 100 % completion (ES= 0.65 – 0.80) and large at 

10 and 20 % completion (ES= 1.55 and 1.69, respectively; Figure 4.5C). Between the 30 and 36 km 

trials there was a moderate effect from 50 – 100 % (ES= 0.65 – 1.08), large effect at 20 % (ES= 1.86) 

and very large effect at 10 % completion (ES= 2.16).  

 

Examination of changes in O2Hb concentration revealed a moderate effect between the 24 and 36 km 

trial at 18 km (ES= 0.64; Figure 4.6A) and between the 30 and 36 km trials at 28 and 30 km (ES= 0.96 

and 0.94, respectively). Between the 30 and 36 km trials there was a moderate effect at 16 – 20 and 22 

km (ES= 0.61 – 0.73). Moderate effect sizes were also evident for nTHI between the 24 and 30 km trial 

at 12 – 16, 22 and 24 km (ES= 0.63 – 0.76), between the 24 and 36 km trial at 8, 12 and 24 km (ES= 

0.62 – 0.68). Finally between the 30 and 36 km trial there was a moderate effect size for nTHI at 14, 

16, 20, 22 and 28 km (ES=0.62 – 0.81) and for HHb at 16 – 20 and 24 km (ES=0.61 – 0.73; Figure 6C).  

 

The correlation coefficients between mean RPE and cerebral oxygenation during the 24, 30 and 36 km 

trials are presented in Table 4.1. O2Hb (r= 0.727; P ≤ 0.02) and HHb (r= 0.733; P ≤ 0.01) was strongly 

associated with mean RPE for all trials. Further, nTHI and mean RPE was associated for the 24 km trial 

(r= 0.748; P= 0.01).  
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Figure 4.5 Means ± SD prefrontal haemoglobin concentrations at 10 % intervals for (A) 

oxygenated haemoglobin, (B) deoxygenated haemoglobin and (C) normalised tissue index in 

arbitrary units (a.u) during 24, 30 and 36 km trials (n= 7);  
c Moderate to large effect between 24 and 30 km trials (ES= 0.65 – 1.69);  
d Moderate to large effect between 24 and 36 km trials (ES= 0.70 – 1.39);  
e Moderate to large effect between 30 and 36 km trials (ES= 0.65 – 2.16) 
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oxygenated haemoglobin, (B) deoxygenated haemoglobin and (C) normalised tissue index in 

arbitrary units (a.u) during 24, 30 and 36 km trials (n= 7);  
c Moderate effect between 24 and 30 km trials (ES= 0.63 – 0.76); 
d Moderate effect between 24 and 36 km trials (ES= 0.62 – 0.68);  
e Moderate effect between 30 and 36 km trials (ES= 0.61 – 0.81) 
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Table 4.1 Table of correlation coefficients (r) between rating of perceived exertion (RPE) and 

oxygenated haemoglobin (O2Hb), rating of perceived exertion and deoxygenated haemoglobin (HHb) 

and rating of perceived exertion and normalised tissue haemoglobin index (nTHI) during the 24, 30 and 

36 km trials.  

 

 Mean RPE score correlated 

with O2Hb 

Mean RPE score correlated 

with HHb 

Mean RPE score correlated 

with nTHI 

 r P r P r P 

24 km 0.756 0.011 0.755 0.012 0.748 0.013 

30 km 0.727 0.017 -0.733 0.016 0.314 0.376 

36 km 0.839 0.002 0.919 0.000 -0.388 0.268 
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EEG 

Examination of EEG alpha (α) waves revealed no significant differences between conditions across the 

MC or PL (P > 0.11). There was a moderate effect in EEG activity across the MC for the 24 km trial 

compared to the 30 km trial at 25, 75 and 100 % completion (ES= 0.77 – 0.96; Figure 4.7A) and 

compared to the 36 km trial at 100 % completion (ES= 1.01). There were also moderate effects for the 

30 km trial compared to 36 km trial at 25, 50 and 100 % completion (ES= 0.60 – 0.94). Examination 

for activity across the PL showed a moderate effect between the 24 and 30 km trial at 75 and 100 % 

completion (ES= 0.74 and 1.16, respectively). There was a large effect between the 24 and 36 km trial 

at 100 % completion (ES= 1.20) and a moderate effect between the 30 km and 36 km trials at 25 % 

completion (ES= 0.69).  

 

Absolute EEG activity at 2 km intervals revealed moderate effects across the MC at 5 km between the 

24 and 30 km trial (ES= 0.80; Figure 4.7C) and between the 30 and 36 km trials at 8 and 14 km (ES= 

0.63 – 0.65). Across the PL, between the 24 and 30 km trials there was moderate effect a 20 km (ES= 

1.10; Figure 7D) and a large effect at 23 km (ES= 1.26). Between the 24 and 36 km trial there was a 

moderate effect from 17 - 23 km (ES= 0.76 – 1.10).  
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Figure 4.7 Mean ± SD For electroencephalogram activity across the scalp at (A) motor cortex (MC; 

channels C3 + C4) and, (B) parietal lobe (PL; channels P3 + P4) at 25 % intervals and (C) motor 

cortex and (D) parietal lobe at every 2 km interval during the 24, 30 and 36 km trials (n= 6);  
c Moderate to large effect between 24 and 30 km trials (ES= 0.65 – 1.26);  
d Moderate to large effect between 24 and 36 km trials (ES= 0.76 – 1.20);  
e Moderate to large effect between 30 and 36 km trials (ES= 0.60 – 0.69) 
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Discussion 

While previous research has examined the role of deception on pacing strategies, the mechanisms 

responsible for altering the pace of exercise intensity remain somewhat elusive due to the minimal 

simultaneous use of performance, perceptual, neurological and neuromuscular assessments. Therefore, 

the aim of the present study was to examine deception of three cycling distances on self-paced power 

output, physiological, haemo-neurological and perceptual responses. A novel aspect of this study was 

to further elucidate if changes to cerebral oxygenation, neural activity and surface EMG altered with 

changes in pacing strategies, and if these changes would occur in an anticipatory manner when deceived 

of trial distance requirements. Our major findings indicate that there may be a relationship between 

perceived exertion and cerebral tissue oxygenation across the prefrontal region of the brain as evidenced 

by strong correlations between such variables for the 24, 30 and 36 km trials. This is may be further 

evidenced by the higher O2Hb when exercise distance was greater than expected in spite of no 

knowledge of extended duration and without changes to other physiological responses. These findings 

support previous studies (Ansley, Noakes, et al., 2004; Billaut et al., 2011; Swart, Lamberts, Lambert, 

Lambert, et al., 2009; Tucker, 2009) which provide a basis for the anticipatory regulation of exercise 

intensity during self-paced exercise.  

 

Our findings support the notion that centrally-mediated mechanisms may alter power output during 

endurance exercise performances (Marino, 2004; Noakes & Marino, 2008; Paterson & Marino, 2004). 

Most intriguingly, upon reaching the final 20 % of the 36 km trial, a gradual reduction in power output 

by up to 14 % is evident compared to the 30 km trial at the endpoint. This gradual reduction in power 

output exceeding 80 % completion of the 36 km trial is translated to 28.8 km absolute distance covered, 

which is somewhat representative of the information provided to the participant. As the final 20 % of 

the 36 km trial exceeds the expectations made by the participant, this suggests there may have been a 

preconceived pacing strategy based on previous experience, and when this expectation was not met and 

RPE was significantly higher compared to the 30 km trial, power output was reduced accordingly. Jones 

et al., (2013) proposed that if the conscious or subconscious recognition of exercise endpoint 
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manipulation occurs, performance will be compromised as physiological resources will not have been 

set appropriately for the pre-determined task. Additionally, across the three trials in the present study, 

there appears to be an even pacing profile employed with a slight reduction in PO in the mid-section of 

each trial (see Figure 1A). This mid-trial downregulation in power output without differences in 

physiological responses suggests participants may have reduced exercise intensity following the first 

30 - 50 % of the trial to account for the unknown distance to be completed (Ulmer, 1996). Others have 

proposed that when athletes are blinded to performance feedback teleoanticipatory pacing strategies 

may be obstructed for the remaining duration due to uncertainty of exercise end-point (Noakes & 

Marino, 2008), however, athletes may be able to attain satisfactory performance times if there is 

sufficient experience gained from similar performances (Mauger et al., 2009). This suggests that the 

familiarisation with the 30 km TT in the present study provided participants with trial familiarity to 

generate, and abide by, a preconceived exercise template (Paterson & Marino, 2004). Our findings also 

show that when exercise distance exceeds expectation, pacing strategies will change and power output 

will be reduced, consistent with short-term anaerobic exercise efforts (Ansley et al, 2004), up to the 

point of completion.  

 

Not surprisingly, throughout all trials there was a steady increase in RPE. The current data show that 

the participants reported perceived exertion throughout the respective trials to be somewhat 

disconnected to their physiological responses and power output. Paterson and Marino, (2004) stated 

that when deceived of trial duration, athletes may adjust a subconscious exercise template, including 

altering physiological responses (i.e. heart rate) and exercise intensity, to complete an exercise trial 

without causing substantial physiological harm. Similar to the current findings, Paterson and Marino, 

(2004) reported that HR responses between a deceived trial and known duration trial showed no 

difference while perception of effort was increased. Unlike the current study, participants were blinded 

to all feedback, including HR responses. While a similar exercise protocol has been previously 

established using deception of distance and the provision of HR responses (Nikolopoulos et al., 2001), 

it is a possible limitation of the current study as participants may have modified pacing based on 

knowledge of HR responses. However, additional studies have proposed that the regulation of exercise 



Chapter 4- Deception Study 

148 
 

performance may be based on perceptions of effort and metabolic information being centrally 

interpreted, thereby adjusting pacing strategies to remain within physiological constraints (de Koning 

et al., 2011; Ulmer, 1996). The current study demonstrates that a trial longer than initial expectations 

(i.e. the 36 km trial) may show a mutual reduction in exercise intensity and physiological responses 

once expectations of performance are exceeded. This suggests that the false expectations of exercise 

endpoint may lead participants to downregulate exercise intensity and sacrifice performance to reduce 

physiological responses in an attempt to maintain homeostasis.   

 

Oxygenated cerebral haemoglobin at the prefrontal cortex has been indirectly associated with motor 

control and is the region of the brain responsible for movement planning, pacing strategies and decision 

making (Krawczyk, 2002; Suzuki et al., 2002). Moreover, changes in oxygenation across the PFC may 

also be associated with executive function and mental effort which may guide movement behaviour in 

anticipation of exercise endpoint (Radel et al., 2017), or when deviation from an expected exercise 

endpoint has been detected. Previous literature suggests that a reduction in prefrontal oxygenated 

haemoglobin (O2Hb) may be responsible for changes in central drive to the active muscle during 

exhaustive exercise (Perrey, 2008). During self-paced 5 km running trials with distance feedback, 

Billaut et al., (2010) reported cerebral oxygenation was maintained until the final km of the trials when 

participants voluntarily increased speed, symbolic of an end-spurt. While Billaut et al., (2010) did not 

include a deception trial, we can speculate that an increase in cerebral oxygenation can be associated 

with an increase in neural activity, and thus, neural drive to the muscle for a final end-spurt in PO. 

Therefore, we propose that the formation of an exercise template, based on the familiarisation trial, may 

have been adjusted in response to interpretation of physiological responses at the prefrontal cortex 

causing neural changes which in turn manipulate neural drive to active muscle (Bourdillon & Perrey, 

2012; Robertson & Marino, 2015). Interestingly, there appears to be a gradual decline in O2Hb 

concentration exceeding 70 % completion during the 36 km trial occurring almost immediately prior to 

gradual reductions in performance (PO; Fig 1A 70 – 100%) and physiological responses (HR; Fig 1B 

90 – 100%). The higher O2Hb further translates to the difference in concentration between the 30 and 

36 km trials at 28 and 30 km (Fig 4A), and gradual decline in exercise intensity within the 36 km trial 
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exceeding the 30 km point up to completion. These data suggest that there is an increase in prefrontal 

cerebral tissue oxygenation when power output was reduced. According to previous literature, the 

reduced intensity may be to reduce the risk of ischemia at the brain and muscle (Noakes et al., 2005). 

In the present study, there is a strong relationship between changes in cerebral haemoglobin 

concentrations and ratings of perceived exertion. Literature suggests that ratings of perceived exertion 

may reflect the biological demands to maintain a stable internal environment (Tucker et al., 2004). We 

propose that an increase in neural activity across the PFC may in turn be related to changes in perceived 

exertion, which may influence PO. Further, the absolute ratings of perceived exertion show no 

differences between the 30 and 36 km trials, while changes in O2Hb are evident followed by gradual 

declines PO when exercise duration exceeds 30 km. This resembles the strong relationship between 

O2Hb and RPE, suggesting that contributions from the prefrontal cortex may have influenced the change 

in performance when expectations of duration were not met. Based on the premise stated by Tucker and 

Noakes, (2009), these data may further suggest that mechanisms within the PFC may mediate RPE and 

the delivery of efferent command to working musculature to avoid physiological catastrophe and early 

termination of an exercise bout.  

 

Given the possibility an exercise template may be set and regulated by the brain, and may be altered 

based on the rate of cerebral oxygenation (Billaut et al., 2010), efferent command to the active muscle 

may be further affected by afferent feedback (Tucker & Noakes, 2009).  The MC is a primary focus in 

the current study as this region of the brain is associated with the generation and control of motor tasks 

(Brümmer et al., 2011). It is suggested that activation across the MC is elevated in proportion with 

increases in exercise intensity (Brümmer et al., 2011; Christensen et al., 2000). Bailey et al.,(2008) 

reported a consistent increase in EEG activity across all sites (lateral, mid frontal, central, and parietal) 

and across all frequencies (alpha, beta and theta) during an exercise trial to exhaustion. The authors 

suggested that the changes in the EEG activity could be the result of increasing physiological strain 

with exercise intensity. However, Bailey et al.,(2008) did not differentiate between the different EEG 

sites, nor did the protocol examine EEG changes during self-paced exercise. Previous research has also 

indicated that there may be a fatigue-related increase in communication across the motor cortex during 
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exhaustive exercise (Hilty et al., 2011), however, in the present study, the 36 km trial shows a moderate 

effect on MC activity compared to the shorter 24 and 30 km trials at 100 % and a large effect on PL 

activity at 100 % completion compared to the 30 km trial. These apparent reductions in alpha activity 

across the MC and PL regions of the brain during the longer duration (36 km) trial appear to be 

consistent with reductions in power output. We propose that the reduction in EEG activity during the 

longer trial may be indicative of a reduction in neural drive to the muscle to downregulate exercise 

intensity once expectations of trial endpoint were not met.  

 

A novel aspect of the current study are the measures of activation across the cerebral cortex and 

activation at the musculature via EMG activity. It has been previously speculated that changes in surface 

EMG activity have an association with changes to pacing strategies and exercise performance (Billaut 

et al., 2010). Our data show a 14 % reduction in power output for the 36 km trial compared to the 30 

km trial at 100 %, but these findings were not supported by the EMG data. Thus, we further propose 

that due to a lack of performance feedback, participants may have been unable to align activity of the 

working musculature to exercise intensity during the respective trials. Similar to Mauger et al., (2009) 

who reported a limited association between EMG activity and pacing strategies when participants were 

blinded to performance feedback during successive cycling trials. The current EMG activity data did 

not translate to the reduction in EEG activity occurring across the PL and MC regions of the brain 

during the final stages of 36 km trial. These findings suggest that increases in cerebral oxygenation of 

the prefrontal region of the brain may more likely be linked to interpretation and successive planning 

of motor functioning, including changes to perceived exertion, and possibly affect efferent command.   

 

In conclusion, the concomitant increase in prefrontal neural activity and RPE during a trial where 

participants are blinded to performance feedback, and are deceived of trial duration may implicate 

centrally-mediated control of performance, including efferent command during endurance exercise 

(Abbiss & Laursen, 2008). However, it may also be likely that efferent command and perceived exertion 

during deceptive cycling trials may be influenced by additional factors including corollary discharge 

and psychological factors, including self-motivation (Cafarelli, 1982; Shei et al, 2016). While pacing 
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strategies can be consciously set and manipulated by athletes (Albertus et al., 2005; Micklewright et al., 

2016; Paterson & Marino, 2004; Tucker et al., 2009), we conclude that there may also be some 

subconscious aspect contributing to the regulation of exercise intensity since participants 

downregulated their power output mid trial whilst there were no discernible alterations in physiological 

responses.  
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Abstract  

The aim of this study was to examine the manipulation of physiological state on the anticipation of 

receiving or withholding of fluid on pacing strategies, physiological, perceptual and neurophysiological 

responses during cycling time-trials (TT) in a dehydrated state. Ten cyclists (VO2peak: 51.4 ± 12.8 

ml.kg.min-1) completed an identical 80min exercise-induced dehydration protocol followed by 60min 

recovery and then a 45min TT in hot conditions (34 ± 2°C). Three conditions were randomly assigned 

during the TTs including 1) information at 15min of impending fluid at 30min (FL), 2) information at 

15min of no fluid and no fluid provided (NF), 3) no information about fluid but received fluid at 30min 

(NIF). Heart rate (HR), core temperature (Tc), rating of perceived exertion (RPE), thermal sensation 

and thirst were recorded every 5min. Electroencephalogram (EEG) of the prefrontal and motor (MC) 

cortices and parietal lobe (PL), and near-infrared spectroscopy for oxyhaemoglobin concentrations were 

recorded throughout TTs. Evoked maximal voluntary contractions (MVC) were completed pre and 

post-TT for assessment of maximal voluntary torque and twitch properties. There was no differences 

between conditions for distance covered (NF: 19.0 ± 2.1 km; NIF: 18.6 ± 2.4 km; FL 18.8 ± 2.7 km; P≥ 

0.18). In NIF, HR increased from 10 – 35 min (P≤ 0.05), and Tc increased from 5 – 40 min (P≤ 0.05) 

compared to NF and FL. During FL, thirst was reduced (P≤ 0.05) as power output (PO; d> 0.60), MC 

and PL activity (d> 0.50) increased following fluid allocation. There was no differences between 

conditions for RPE from 30-45min (P≥ 0.05) or for MVC post-TT (P≥ 0.73). In conclusion, during 

exercise in a dehydrated state, the anticipation of receiving fluid and thirst sensations appear to influence 

PO independent of RPE. Furthermore, restricting information about pending fluid allocation is more 

detrimental to performance than being informed of receiving no fluid.  

 

Key words: Anticipation; Dehydration; Electroencephalography; Homeostasis    
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Introduction 

During self-paced exercise in the heat, intensity is typically lower and follows more of a conservative 

pacing strategy due to higher cardiovascular, thermoregulatory, and perceptual strain (Flouris & 

Schlader, 2015; Roelands et al., 2013). When hyperthermia is further compounded by dehydration, 

thermoregulatory responses are exacerbated, which may compromise mechanisms of heat loss 

(Cheuvront et al., 2010), alter sensory feedback (Nybo & Secher, 2004), and contribute to the down-

regulation of exercise intensity (Tucker et al., 2004). As rating of perceived exertion (RPE) is thought 

to be a representation of both sensory feedback and remaining workload (Tucker, 2009), and thirst 

sensations represent deficits in cellular fluid (Saltmarsh, 2001), these responses may in turn initiate 

behavioural changes to reduce exercise intensity (Sawka et al., 2015) and replace fluid deficits 

(McKinley & Johnson, 2004) in hot environments. As such, it has been shown that drinking to the 

sensation of thirst is associated with improved exercise capacity (Fallowfield et al., 1996; Goulet, 2011), 

while withholding fluids in a hyperthermic state may lead to a decline in exercise performance (Adams 

et al., 2018; Bardis et al., 2013).  

 

During self-paced exercise in the heat, autonomic thermoregulatory responses may be influenced by 

elevated temperature of blood passing through the brain (Nielsen, Hyldig, Bidstrup, Gonzalez-Alonso, 

& Christoffersen, 2001), which may adjust attentional focus (Périard et al., 2018) and drive to skeletal 

muscle (Nybo & Nielsen, 2001a). In addition to increases central and peripheral feedback regarding 

increased core temperature, this reduction in motor drive, and thus intensity during an endurance event 

may also occur in an anticipatory manner based on remaining duration, external environment and 

perceptual and physiological strain (Tucker et al., 2004), while thirst sensations occur in an anticipatory 

manner to offset cellular dehydration (Zimmerman et al., 2017). As such, it is suggested that changes 

to exercise intensity in the heat may occur in response to sensory feedback (Hampson et al., 2001), 

where the prefrontal cortex (PFC) interprets physiological state, and the expectations and planning for 

the exercise bout, and the motor cortex is responsible for motor execution (Enders et al., 2016; St Clair 

Gibson et al., 2003). However, there is no evidence pertaining to cortical changes that may occur in 
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anticipation of receiving fluids in a dehydrated state. Furthermore, as the inhibition of thirst may occur 

upon the reception of water when thirsty without physiological changes (Zimmerman et al., 2017), the 

effects of anticipating fluid on central drive, pacing strategies and perceptual responses remains to be 

examined.   

 

It is suggested that hyperthermia and neuromuscular changes, including voluntary activation (VA) and 

electrical activity (as shown by electromyography; EMG), may occur in a dose-response manner (Hayes 

& Morse, 2010; Racinais & Oksa, 2010). Rodrigues et al., (2014) reported that the decline in maximal 

voluntary torque (MVT) was exaggerated following a bout of exercise in a dehydrated state (16 % 

decline) compared to a euhydrated state (3 % decline), suggesting impaired hydration lead to a decline 

in muscle activation. However, this finding is somewhat inconsistent with the previous literature as 

there are equivocal conclusions about the decline in neuromuscular and EMG activity when in a 

dehydrated state (Nybo & Nielsen, 2001a). Much of the disparity in the findings may be related to 

method of the thermal loading, exercise protocols and degree of dehydration achieved (Hayes & Morse, 

2010), and minimal studies examining EMG and cerebral activity simultaneously.  

 

As such, the primary aim of the current study was to examine the manipulation of physiological state 

by withholding fluid and the knowledge of receiving fluid during self-paced exercise in the heat and in 

a dehydrated state on pacing strategies, thermal sensations, RPE and thirst sensations. Additionally, this 

study aimed to examine neurophysiological and neuromuscular responses following dehydration and 

exercise in the heat with and without fluid replacement. We hypothesized that when dehydrated with 

fluid restriction, an increase in perceptual responses and neural activity across the prefrontal and motor 

cortices would be evident while exercise intensity would be reduced compared to when fluid is 

provided. We further hypothesise that as exercise intensity increases, this will lead to a greater reduction 

in post-exercise maximal voluntary contraction (MVC). We also hypothesized that when no information 

about fluid allocation was provided, an increase in perceptual strain would be evident while exercise 
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intensity and neural activity would remain unchanged compared to anticipation of receiving fluid in a 

dehydrated state.  

 

Methods 

Participants 

Ten well-trained, Masters cyclists volunteered to participate in the study (age 52.5 ± 19.5 y, height 1.8 

± 9.6 m, weight 74.8 ± 13.5 kg, VO2peak 51.4 ± 12.8 ml.kg.min-1). Participants completed a participation 

readiness questionnaire (PAR-Q) to ensure they were eligible to partake in the testing trials and were 

excluded if they were taking any medications or were suffering from musculoskeletal injuries. The 

study was approved by the University Research Ethics Committee and written consent was gained prior 

to any data collection.  

 

Overview 

Each participant completed a familiarisation and three experimental trials. Familiarisation included a 

detailed explanation of experimental protocols and a peak oxygen consumption test (VO2peak) including 

a ramp protocol on a stationary cycle ergometer (Wattbike Trainer, Wattbike Ltd, Nottingham, UK) to 

exhaustion. The protocol started at 30 watts (W) and increased by 25 W every minute thereafter with 

continuous gas exchange analysis (True One 2400, ParvoMedics, Utah, USA). During the experimental 

trials participants completed an 80 min dehydration cycling protocol, followed by a 60 min passive 

recovery in a thermoneutral environment and a continuous 45 min self-paced cycling time trial (TT) 

split into 3 x 15 min phases. For the first 15 min, participants were unaware as to which condition they 

were completing. At 15 min, participants were instructed about pending fluid allocation, and at 30 min 

the intervention was applied. Participants completed each TT the under three conditions in a randomised 

counterbalanced fashion as per: 
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1) Fluid (FL): participants were informed at 15 min into the TT that they would be receiving 600 

mL water at 30 min to drink ad libitum during the final 15 min of the TT (600ml ± 0 mL 

consumed) 

2) No fluid (NF): participants were informed at 15 min into the TT that they would not be receiving 

any fluid until completion, and did not receive fluid for remainder of the TT;  

3) No information-fluid (NIF): participants were given no information at 15 min, though were 

provided with 600 mL water at 30 min to drink ad libitum during the final 15 min of the TT 

(574ml ± 82 mL consumed).   

 

Upon arrival, participants provided a urine sample for examination of urine specific gravity (USG) to 

measure of hydration status (PEN-SW, Atago, Tokyo, Japan) and nude body mass was recorded to later 

determine percentage body mass (BM) lost for hydration status (Adam et al., 2008; Bardis et al., 2013). 

Participants were then seated quietly for 10 min to assess resting heart rate (HR) and core temperature 

(Tc). Baseline neuromuscular assessments were completed via MVC protocol with electrical stimulation 

of the right leg extensors. Following the MVC protocol, participants completed an active dehydration 

protocol in heated conditions (39.5 ± 1.8 °C) to achieve minimum 2 % BM loss. Immediately following 

the dehydration protocol, participants remained in a seated position for 60 min in thermoneutral 

environment (~21 °C) to return HR and Tc  back to pre-dehydration and were provided with 200 mL 

water and standardised ~200 cal meal, including; 7 % fat, 86 % carbohydrate (Adam et al., 2008). 

Participants then completed the 45 min TT in hot conditions (33.7 ± 2.2 °C), immediately followed by 

post-TT neuromuscular assessments. Each trial was completed in the same climate chamber in identical 

conditions for consistency across conditions. See figure 5.1 for schematic overview of study design.  
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Figure 5.1 Schematic overview of study design including evoked maximal voluntary contractions (MVC), dehydration protocol and 45 min time trials (TT) 

for the no information-fluid (NIF), no fluid (NF) and fluid (FL) conditions.  
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Exercise Protocols 1 

The dehydration protocol was completed on a stationary cycle ergometer (Monark 828E, Monark 2 

Exercise AB, Varburg, Sweden) in the climate chamber. Exercise intensity during the dehydration 3 

protocol remained at 60 % maximal HR at a moderate intensity (11 - 13 RPE [6 – 20 scale]) (Norton, 4 

Norton, & Sadgrove, 2010). Following 45 min continuous cycling during the dehydration protocol, 5 

participants remained in the climate chamber in a seated position for 10 min to increase sweat rate prior 6 

to providing a urine sample and nude body mass to examine degree of dehydration. Participants were 7 

instructed to towel down as much sweat residue as possible prior to using the scales. Participants then 8 

returned to the climate chamber to complete a further 15 min on cycle ergometer followed by 10 min 9 

in a rested position when final nude body mass and urine sample were obtained. All participants 10 

complied with  2% BM loss following the additional 25 min in the climate chamber.  11 

 12 

The TTs commenced with 3 x 6 s maximal effort sprints on an air-braked stationary cycle ergometer 13 

(Velotron, RacerMate Inc., Seattle, USA) for normalisation of electromyography (EMG). Maximal 14 

sprint protocol included 6 s at maximal effort followed by 24 s active recovery (activity:rest ratio= 1:5). 15 

The 45 min TTs were then completed on the cycle ergometer and participants were blinded to all 16 

feedback including, remaining time, distance, power output (PO) and HR. PO (W) was continuously 17 

recorded using the synchronised computer software (Velotron CS 2008, RacerMate Inc., Seattle, USA) 18 

and 30 s epochs were later analysed for mean PO every 5 min during cycling trials (Excel 2007, 19 

Microsoft Corp, Washington, USA). 20 

 21 

Physiological and Perceptual responses 22 

A mid-stream urine sample for examination of USG was examined pre, during and post the dehydration 23 

protocol and immediately following the post-TT neuromuscular assessment. During the dehydration 24 

protocol, the recovery period and TT, heart rate was continuously recorded via chest strap and Bluetooth 25 

receiver (Team Pro 2, Polar Elector-Oy, Kempele, Finland) where HR was later analysed every 5 min 26 
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during the TT. Tc was visually monitored via hand-held device (Vital Sense, Minimitter, Oregon, USA) 1 

during dehydration protocol, recovery period and 45 min TT and recorded every 5 min. According to 2 

Engels, H. J., Yarandi, H., & Davis, J. (2008), the telemetry based ingestible capsules are more 3 

applicable for active and evoked increases in body temperature, and respond more rapidly compared to 4 

traditional core temperature monitoring approaches i.e. rectal probe. 5 

 6 

Rating of perceived exertion (RPE) was recorded using the 6 – 20 point Borg RPE scale (Borg, 1982), 7 

while thermal sensation (TS) and rating of thirst were reported based on 0 – 8 point likert scale (0-8 

unbearably cold/ not thirsty to 8 unbearably hot/ extremely thirsty). Subjective responses were recorded 9 

every 5 min throughout the TTs.   10 

 11 

Neuromuscular Assessments  12 

Isometric testing of the right knee extensors was performed using an isokinetic dynamometer (Humac 13 

Norm, Ausmedic, CSMi Medical Solutions, Stoughton, USA) and constant-current stimulator (Model 14 

DS7AH, Digitimer Ltd, Welwyn Garden City, Hertfordshire, England) linked to a signal acquisition 15 

system (PXI1024 and BNC2100, National Instruments, Austin, Texas), and host computer were 16 

synchronously sampled at 2 kHz. Participants were seated on the dynamometer and secured using waist 17 

and shoulders straps with the hip and knee flexed to 90° and 60°, respectively (0° being full extension). 18 

The axis of rotation of the dynamometer and knee were aligned, and lever arm attached to the leg 10 19 

mm above the lateral malleolus. Femoral nerve stimulation used a single wave pulse 200 μs wide 20 

delivered using 2 x 20 mm diameter disposable gel surface electrodes (Meditrace Electrodes, EBOS 21 

Healthcare, Kingsgrove, Australia) 10 mm below the inguinal fold. Prior to testing, the current required 22 

for supramaximal stimulation was established using incremental steps of 50 mA until plateau in resting 23 

twitch torque was achieved, the current was then increased by a further 10 %. 24 

 25 
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Before pre-TT testing, an isometric warm-up was performed as described elsewhere (Cannon, Kay, 1 

Tarpenning, & Marino, 2008). Participants then completed 6 x 5 s MVCs separated by 25 s recovery. 2 

Upon reaching peak torque during each MVC, stimulation was delivered to the nerve to produce a 3 

superimposed contraction. Immediately following relaxation of each MVC, an additional stimulus was 4 

delivered to the resting muscle to produce a potentiated twitch contraction. MVT was calculated as the 5 

mean peak torque value produced across MVCs within the 50 ms period immediately prior to stimulus 6 

delivery. From the potentiated twitch contractions, mean torque-time curves were generated to 7 

determine latency (lat), peak twitch torque (Pt), rate of torque development (RTD), time to peak torque 8 

(TPt), rate of relaxation (RR), half relaxation time (HRT), and contraction duration (CD) as described 9 

elsewhere (Wilder & Cannon, 2009). The central activation ratio (CAR; %) was also calculated as the 10 

mean MVT divided the mean superimposed peak torque. These procedures were performed using 11 

customised software (LabVIEW v14.0, National Instruments, Austin, USA).  12 

 13 

Cycling Electromyography (EMG) Activity 14 

Cycling EMG data were captured using a wireless surface EMG system (Trigno, Delsys, Boston, Mass, 15 

USA) with recording electrodes placed on the bellies of the vastus medialis (VM), rectus femoris (RF), 16 

vastus lateralis (VL) and biceps femoris (BF) with all data synchronously sampled throughout each trial 17 

with a bandwidth of 20-450 Hz at 1 kHz using custom software (LabChart v8.1.6, ADInstruments, 18 

NSW, Aus). Data were analysed offline as the root mean square (RMS) and manually reduced. Peak 19 

RMS during the pre-TT sprints are described as 100 % and all subsequent data were normalised to the 20 

peak RMS obtained during the sprints. EMG during TTs were normalised by dividing RMS for each 5 21 

s epoch every 5 min by the peak RMS and expressed as percent (%) change. 22 

 23 

Near-Infrared Spectrometry 24 

Concentrations of oxy (O2Hb) and deoxyhaemoglobin (HHb) and normalised tissue haemoglobin index 25 

(nTHI) were examined via continuous near-infrared spectroscopy (NIRS) methods immediately pre-TT 26 
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and throughout the TTs (NIRO-200NX, Hamamatsu Phototonics, Shizouka, Japan). PFC haemoglobin 1 

concentrations were examined via light emitter and detector probes placed over the right hand side of 2 

the PFC between Fp1 and F4 (international 10-20 system). Sites were cleaned and probes were fixed 3 

and secured with black Velcro to deter light. Light emitter probes produced light at 775, 810 and 850 4 

nm wavelengths, which scattered light into detector probes (inter-optode distance = 4 cm). A modified 5 

Beer-Lamberts Law was applied to observe changes O2Hb and HHb (μmol/L·cm). Further, to limit 6 

interference from superficial tissue layers during cerebral monitoring, spatially resolved spectroscopy 7 

parameters of the NIRO-200NX system were also recorded and are reported in arbitrary units (a.u), and 8 

include nTHI. The NIRS data were sampled at 1.s-1 and a 30 s epoch was later isolated and analysed 9 

every 5 min of the TTs.  10 

 11 

Electroencephalogram (EEG) 12 

A 20 channel wireless EEG headset was fitted with electrode placement in accordance with the 13 

international 10-20 EEG system. EEG data preparation and acquisition were completed based on 14 

manufacturer’s instructions (B-Alert, ABM, CA, USA) and are consistent with those proposed in 15 

Robertson and Marino (2015). For pre-TT EEG, participants remained rested in a seated position with 16 

all visual and noise distractions removed and eyes open over a 2 min prior to trial commencement. 17 

During the respective TTs, EEG was acquired over a 90 s period preceding every 5 min (i.e. 3:30 – 5:00 18 

min). Participants were given a 3 s warning prior to data acquisition and instructed to keep eyes open, 19 

and focus on the blank wall directly in front of the cycle ergometer to limit visual distractions and 20 

restrain from mandibular muscle contractions. For EEG data analyses, a decontamination process 21 

removed artefact including EMG and eye-blink (B-Alert Lab, ABM, CA, USA), where total power in 22 

alpha (α) frequency band-waves were analysed using Microsoft Excel and data were then calculated as 23 

percent change from pre-TT measures. Changes in alpha frequency were examined as they typically 24 

increase upon the onset of physical activity (Robertson & Marino, 2015) and are associated with 25 

attentional processing (Périard et al., 2018).  26 

 27 
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Statistical Analyses  1 

Data were assessed for normality using the Kolmogorov-Smirnov approach. A repeated measures 2 

analysis of variance (ANOVA) was conducted to compare differences between the NF, NIF and FL 3 

conditions for each variable at every 5 min interval. Differences between conditions were determined 4 

by assessing main effects for time x condition interactions using pairwise comparisons with a 5 

Bonferroni correction applied. Standardised effect sizes using Cohen’s D (d) formula were used to 6 

examine the trends between the NF, FL conditions and NIF conditions. Effect sizes were categorised 7 

by the following: trivial (d < 0.2), small (d= 0.2-0.49), moderate (d= 0.5-0.79) and large (d >0.8). All 8 

data are presented as mean ± standard deviation (SD). Significance was set at P≤ 0.05.  9 

 10 

Results 11 

Hydration Status  12 

All conditions displayed higher USG values post-TT compared to pre-dehydration (P< 0.04; Table 5.1). 13 

Post-TT BM was lower for the NF condition compared to FL (P≤ 0.02). All conditions showed a 14 

reduction in BM post-dehydration and post-TT compared to pre-dehydration (P≤ 0.001).  15 

  16 
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 1 

 2 

 3 

 4 

 5 

 6 

 7 

Table 5.1 Mean ± SD urine specific gravity (USG), body mass and percent change from pre- and  post-8 

dehydration protocol and post time trial (TT) (n=10);  9 

 10 
 Pre-Dehydration Post-Dehydration Post- TT 

USG    

NF 1.0104 ± 0.01 1.0104 ± 0.01 1.0305 ± 0.02c 

NI 1.0082 ± 0.01 1.0105 ± 0.01 1.0276 ± 0.01d 

FL 1.0097 ± 0.01 1.0152 ± 0.01 1.0248 ± 0.01e 

Mass    

NF 74.6 ± 13.4 73.1 ± 13.3c 72.3 ± 13.2c 

NI 74.5 ± 13.5 73.0 ± 13.2d 72.6 ± 13.2d 

FL 74.6 ± 13.8 73.2 ± 13.5e 72.9 ± 13.6ae 

Body mass change (%)   

NF  2.1 ± 0.4 3.2 ± 0.8 

NI  2.1 ± 0.3 2.6 ± 0.6 

FL  1.9 ± 0.2 2.4 ± 0.6 

 11 

  12 

a significant difference between NF and FL (P≤ 0.02);  
c significant change overtime within NF(P≤ 0.00); 
d significant change overtime within NI (P≤ 0.001);  
e significant change overtime within FL (P≤ 0.001). 
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Performance  1 

There were no differences in distance covered between conditions during the 45 min TT (NF: 19.0 ± 2 

2.1 km; NIF: 18.6 ± 2.4 km; FL 18.8 ± 2.7 km; P≥ 0.18).  3 

 4 

No differences in PO were evident between conditions throughout the TTs (P≥ 0.18). However, effect 5 

size analyses revealed moderate effects showing higher PO for FL compared to NF at 45 min (d= 0.60; 6 

Fig 5.2A) and compared to NIF condition at 30, 40 and 45 min (d= 0.62 – 0.75) with large effects at 35 7 

min (d= 0.93). Finally, there was moderate effect for higher PO for the NF compared to NIF at 20, 25 8 

and 35 min (d= 0.58 – 0.68) and large effect at 30 min (d=0.87).  9 

 10 

Physiological and Perceptual  11 

HR was higher in the NIF compared to the FL condition at 10 - 35 min (P≤ 0.05; d= 0.62 – 0.80; Figure 12 

5.2B). Effect size analyses revealed a moderate effect showing higher HR for NF compared to FL at 30 13 

min (d= 0.55) and for NIF compared to NF at 15 min (d= 0.58). Further, HR was higher at all time 14 

points compared to pre-TT for all conditions (pre-TT HR: NF: 75 ± 3 beat.min-1; NIF: 75 ± 10 beat.min-15 

1; FL: 73 ± 9 beat.min-1; P≤ 0.001). Tc was higher during NIF compared to NF from 5 - 40 min (P≤ 0.05; 16 

Figure 5.2C; d= 0.62 – 1.58). There was also higher Tc for FL compared to NF evidenced moderate 17 

effects at 10 – 35 min (d= 0.52 – 0.80) and large effects showed higher Tc for NIF compared to FL at 5 18 

– 25 min (d= 0.92 – 1.08). The NF, NIF and FL conditions showed higher Tc from pre TT to 45 min 19 

(pre-TT: NF: 37.0 ± 0.5 °C; NIF: 37.2 ± 0.4 °C; FL: 37.1 ± 0.4 °C; P≤ 0.05).  20 

 21 

RPE was higher for the NIF compared to the NF condition at 30 min (P≤ 0.05; Fig 5.3A) and moderate 22 

effects were evident at 10 – 25 min (d= 0.51 – 0.61) and a large effect at 30 min (d= 0.87). FL reported 23 

moderately higher RPE at 45 min compared to NF (d= 0.63) and lower RPE compared to the NIF 24 

condition at 10 and 15 min (d= 0.54 – 0.59). Compared to 5 min, RPE was greater from 15 – 45 min 25 
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for both NF and NIF conditions (P≤ 0.01) and for the FL condition from 10 – 45 min (P≤ 0.01). 1 

Participants reported TS to be lower during NIF compared to NF at 5 min (P≤ 0.02; d= 0.68; Fig 5.3B) 2 

and greater for NIF compared to NF at 20 and 25 min (P≤ 0.02; d= 0.59 – 1.00) with moderate effects 3 

at 30 min (d= 0.56). There was moderate effects showing for lower TS for FL compared to NF at 35 4 

min (d= 0.57), and compared to NIF at 25, 40 and 45 min (d= 0.52 – 0.63), and moderate effects showed 5 

lower TS for NIF compared to FL at 5 min (d= 0.63). Compared to 5 min, TS was greater within the 6 

NF and NIF conditions from 10 – 45 min (P≤ 0.02) and within the FL condition from 20 – 45 min (P≤ 7 

0.03). Ratings of thirst were reduced for FL compared to NF condition from 35 – 45 (P≤ 0.02; d= 1.26 8 

– 1.43) and for the NIF compared to NF condition at 30 min (P≤ 0.05; Fig 5.3C). Moderate effects 9 

showed lower thirst for FL compared to NIF at 35 and 45 min (d= 0.55 – 0.62), and for the NIF 10 

compared to NF at 15 and 45 min (d= 0.53 – 0.73), and large effects between NIF and NF at 30 – 40 11 

min (d= 0.82 – 0.85). 12 
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Figure 5.2 Mean ± SD for (A) power output, (B) heart rate and (C) core temperature (Tc) during 45 min 

TT for the no fluid (NF), no information-fluid (NIF) and fluid (FL) trials (n= 10); Shaded area represents 

the period in which participants were provided information (or withheld; 15 min) however no invention 

had been applied (30 min); 
* difference between NF and NIF (P≤ 0.05);  
b difference between NIF and FL (P≤ 0.05);  
c change overtime within NF (P≤ 0.02);  
d change overtime within NIF (P≤ 0.02);  
e change overtime within FL (P≤ 0.02);  
f moderate to large effect between NF and FL conditions (d= 0.55 – 0.80);  
g moderate to large effect between NIF and FL conditions (d= 0.62 – 0.75);  
h moderate to large effect between NIF and NF conditions (d= 0.58 – 1.58). 
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period in which participants were provided information (or withheld; 15 min) however no invention 

had been applied (30 min); 

* difference between NF and NIF (P≤ 0.05);  
a difference between NF and FL (P≤ 0.02);  
c change overtime within NF (P≤ 0.02);  
d change overtime within NIF (P≤ 0.02);  
e change overtime within FL (P≤ 0.02);  
f moderate to large effect between NF and FL conditions (d= 0.57 – 1.43);  
g moderate to large effect between NIF and FL conditions (d= 0.52 – 0.63);  
h moderate to large effect between NIF and NF conditions (d= 0.51 – 1.0).  
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Near-Infrared Spectrometry 

There were no significant differences between conditions for all measures of cerebral oxygenation (P≥ 

0.120; Figure 5.4). Effect size analysis of O2Hb revealed a moderate effect showing higher 

concentrations for NF compared to FL at 5 and 25 – 35 min (d= 0.50 – 0.65) with a large effect at 20 

min (d= 1.06). There was moderate effects showing lower O2Hb for NIF compared to FL at 5, 25, 30 

and 40 – 45 min (d= 0.53 – 0.77) with large effects 10 and 35 min (d= 0.88 – 0.92) and moderate effects 

compared to NF at rest and 15 min (d= 0.52 – 0.55) with large effects at 5, 10 and 20 – 45 min (d= 0.80 

– 1.44). There was a moderate effect showing lower HHb for FL compared to NF at rest and 15 min 

(d= 0.51 – 0.73) and large effects from 20 – 40 min (d= 1.14 – 1.52), and compared to NIF at 15 – 40 

min (d= 0.46 – 0.70). There was also a moderate effect showing lower HHb for NIF compared to NIF 

at 35 min (d= 0.79), with large effects at 30 min (d= 0.92). Finally, nTHI was higher for NF compared 

to FL as evidenced by moderate effects at 30 min (d= 0.69) and large effects at rest and 5 min (d= 1.12 

– 1.20). Further, nTHI concentration was higher for NIF compared to FL evidenced by moderate effects 

at 35 and 40 min (d= 0.55) and large effects at 30 and 45 min (d= 0.88 – 1.29) and compared to NF 

evidenced by moderate effects at 45 min (d= 0.78) and large effects at rest (d= 1.55).  

 

Electroencephalogram (EEG) 

No differences in PFC, MC and PL EEG activity were evident between conditions (P≥ 0.302; Fig 5.5). 

However, across the PFC there were trends for increasing activity for the NF condition compared to the 

FL condition evidenced by moderate effects at 15 – 30 and 45 min (d= 0.65 – 0.73) and large effects at 

5 – 10 min (d= 0.86 – 1.07), and a moderate effect showing lower activity at 45 min (d= 0.56). There 

was moderate effect showing higher PFC activity for NIF compared to FL at 15 min (d= 0.78) and a 

large effect at 5 – 10 and 20 – 30 min (d= 0.84 – 1.71; Figure 5.5A). Compared to NIF, there was 

moderate effects showing higher PFC activity for NF at 5 – 15 min (d= 0.52 – 0.70). The MC showed 

higher activity for FL compared to NF evidenced by a moderate effect at 10 min (d= 0.58) and large 

effects at 40 – 45 min (d= 1.20 – 1.62) and compared to NIF with moderate effects at 20, 30 and 35 
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min (d= 0.50 – 0.58) and large effects at 5 – 15 and 40 – 45 min (d= 0.95 – 1.24). Effect size analysis 

also revealed higher MC activity for NF compared to NIF evidenced by moderate effects at 15 and 30 

min (d= 0.66 – 0.73) and large effects at 20 min (d= 0.95). Finally, PL activity during FL was higher 

compared to NF and NIF evidenced by moderate effect at 45 min (d= 0.68 – 0.73) and large effect at 

40 min (d= 0.96 – 1.10). There was also lower activity for NIF compared to NF with moderate effects 

at 15 min (d= 0.54) and large effects at 5 and 20 min (d= 0.85 – 1.18; Figure 5.5C).  
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Figure 5.4 Mean ± SD for (A) oxyhaemoglobin (O2Hb), (B) deoxyhaemoglobin (HHb) and (C) 

normalised tissue haemoglobin index (nTHI) during 45 min TT for the no fluid (NF), no 

information-fluid (NIF) and fluid (FL) trials; Shaded area represents the period in which participants 

were provided information (or withheld; 15 min) however no invention had been applied (30 min); 
f moderate to large effect between FL and NF conditions (d= 0.50 – 1.52);  
g moderate to large effect between NIF and FL conditions (d= 0.53 – 1.29);  
h moderate to large effect between NIF and NF conditions (d= 0.52 – 1.55).  
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Figure 5.5 Mean ± SD alpha EEG waves for (A) prefrontal cortex (PFC), (B) motor cortex (MC) and 

(C) parietal lobe (PL) during 45 min TT for the no fluid (NF), no information (NI) and fluid (FL) trials; 

Shaded area represents the period in which participants were provided information (or withheld; 15 

min) however no invention had been applied (30 min); 
f moderate to large effect between NF and FL conditions (d= 0.56 – 1.62);  
g moderate to large effect between NIF and FL conditions (d= 0.50 – 1.71);  
h moderate to large effect between NIF and NF conditions (d= 0.52 – 1.18). 
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Electromyography (EMG) activity 

EMG activity revealed no significant differences between conditions for any muscle (P≥ 0.216; Figure 

5.6). However, there was a moderate effect for VM activation showing higher activity for NIF compared 

to FL at 20 – 25 min (d= 0.60 – 0.63) and higher RF activity for NF compared to FL at 30 and 45 min 

(d= 0.58 – 0.71). VL activation was higher for NF compared to FL at 20 min (d= 1.02) and lower for 

NIF compared to FL at 40 – 45 min (d= 0.59 - 0.69). BF activation showed lower activity for NIF 

compared to NF at 5, 15 and 30 min (d= 0.56 – 0.67).  

 

Neuromuscular Responses 

There was no differences between conditions for peak and mean MVT, Lat, Pf, RFD, RR, TPf, HRT, 

CD or CAR (P≥ 0.73; Table 5.2). Peak and mean MVT, RFD, RR, HRT and CAR were reduced post 

TT compared pre-dehydration in the NF condition (P≤ 0.05) while no difference was evident for Lat, 

Pf, TPf and CD (P≥ 0.50). Within the NIF condition, mean MVT, RR and CAR post exercise were 

reduced post-TT (P≤ 0.05) while there were no changes for peak MVT, Lat, Pf, RFD, TPf, HRT and 

CD (P≥ 0.89). The FL condition showed reduced peak and mean MVT, RR, HRT, CD and CAR (P≤ 

0.05) and no changes were evident for Lat, Pf, RFD or TPf (P≥ 0.94).  
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Figure 5.6 Mean ± SD electromyography percent change from maximal sprint for (A) vastus 

medials (VM), (B) rectus femoris (RF), (C) vastus lateralis (VL) and (D) biceps femoris (BF) during 

the respective NF, NIF and FL 45 min time trials; Shaded area represents the period in which 

participants were provided information (or withheld; 15 min) however no invention had been applied 

(30 min); 
f moderate to large effect between NF and FL conditions (d= 0.58 – 1.02);  
g moderate to large effect between NIF and FL conditions (d= 0.59 – 0.63); 
h moderate to large effect between NIF and NF conditions (d= 0.56 – 0.67). 
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Table 5.2 Mean ± SD for neuromuscular responses at pre dehydration protocol and immediately post TT for no fluid (NF), no information-fluid (NIF) and 

fluid (FL) trials including peak maximal voluntary torque (MVT), latency (Lat), peak force (Pf), rate of force development (RFD), rate of relaxation (RR), 

time to peak force (TPf), half relaxation time (HRT), contraction duration (CD) and central activation ration (CAR);  

 

 Peak MVT 

(Nm) 

Lat (ms) Pf (Nm) RFD (N/s) RR (N/s) TPf (ms) HRT (ms) CD (ms) CAR (%) 

Pre-Dehydration         

NF 178 ± 62 23.1 ± 8.9 27.2 ± 11.7 341 ± 194 -192 ± 132 71.4 ± 8.0 74.02 ± 23.32 186.1 ± 88.8 97.2 ± 2.5 

NI 175 ± 58 20.1 ± 6.4 23.7 ± 10.0 278 ± 164 -253 ± 104 95.81 ± 41.0 54.6 ± 31.4 150.4 ± 58.7 95.1 ± 5.1 

FL 173 ± 53 20.0 ± 8.1 22.5 ± 11.0 274 ± 211 -175 ± 109 81.8 ± 10.6 66.0 ± 30.5 147.8 ± 31.5 96.9 ± 1.9 

Post-TT         

NF 155 ± 53 c 20.4 ± 6.1 35.5 ± 13.7 477 ± 248 c -495 ± 243 c 89.6 ± 45.5 39.52 ± 14.5 c 129.1 ± 51.1 89.2 ± 7.0 c 

NI 151 ± 34 19.4 ± 9.5 34.1 ± 9.5 385 ± 233 -588 ± 346 d 91.5 ± 38.3 33.6 ± 25.8 125.1 ± 63.3 90.0 ± 6.2 d 

FL 150 ± 59 e 19.6 ± 8.2 31.5 ± 13.3 376 ±231 -398 ± 212 e 78.5 ± 14.2 39.3 ±  17.9 e 117.8 ± 15.9 e 92.9 ± 3.6 e 

c Significant change overtime within NF (P≤ 0.05);  
d Significant change overtime within NIF (P≤ 0.05);  
e Significant change overtime within FL (P≤ 0.05). 
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Discussion  

This study aimed to examine the knowledge and act of fluid ingestion when in dehydrated state on 

pacing strategies, neural activity, physiological and perceptual responses. Interestingly, the current 

study demonstrates that no information about pending fluid allocation in a dehydrated state may be 

more detrimental to mid-trial exercise intensity than being informed that no fluids will be provided for 

the duration of the protocol. Once fluid provision was allotted to the respective conditions, fluid 

ingestion with prior knowledge increased power output compared to the NIF and NF conditions, thus 

altering the pacing profile. The change in pacing was noted with a 15 W increase in PO during the final 

15 min of the FL trial compared to 6 W increase for both NIF and NF conditions. The knowledge of, 

and allocation of fluid resulted in an increase in activity across the MC and PL which may be related to 

the greater PO during the final stages of the TT during the FL condition. Interestingly, this increase in 

PO was in spite of minimal differences between conditions for physiological (Tc and HR) responses, 

which may be related to a conflict in attentional processing during exercise in the heat (Périard et al., 

2018). In addition, rating of thirst was reduced immediately upon receiving fluids for the FL condition 

while during the NIF condition, participants were less satisfied with receiving fluids and did not increase 

exercise intensity for the remainder of the trial.  

 

A key finding in the current study is that NIF compared to NF in a dehydrated state, is associated with 

lower PO and higher RPE. It appears that when fluid was provided, the mere anticipation of receiving 

fluids was able to better alleviate thermal sensation and thirst in the FL condition, which in turn 

contributed to the higher PO during the final 15 min. The mid-event reduction and end-spurt in PO 

follow the typical parabolic pacing profile (Abbiss & Laursen, 2008). Pacing profiles are suggested to 

be based on previous experience (Micklewright et al., 2010), and in anticipation of an exercise endpoint, 

i.e. remaining duration (de Koning et al., 2011; Swart, Lamberts, Lambert, Lambert, et al., 2009). While 

participants in the current study were not able to observe remaining trial duration, they were aware that 

information about fluid allocation and potential ingestion would be at 15 min intervals of the TT, except 
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for the NIF condition. During 15 - 30 min, reductions in PO compared to the initial 15 min were greater 

in the NIF condition (21 W reduction) compared to a 6 W reduction in the FL condition, however, 

interestingly this difference in PO reduction was for a similar rate of rise in Tc (1.68 – 1.84 °C.h-1). In 

addition, the lower PO during the NIF condition occurred concurrently with greater thermal sensations 

and greater neural activity across the PFC prior to receiving fluids. As it has been suggested that 

interpretation of afferent feedback and moderation of pacing strategies may take place within the PFC 

(Robertson & Marino, 2016; Tempest & Parfitt, 2016), we suggest that the increased activity across the 

PFC within the NIF condition may be related to planning and decision making about intensity given 

that thermal strain was increased and remaining duration was not provided. This may also explain the 

greater decline in PO from 15 – 30 min during NIF as participants may be attempting to reduce 

physiological strain by down-regulating exercise intensity to remain within homeostatic constraints 

(Tucker et al., 2004).  

 

A novel aspect of the current study was the inclusion of EEG to assess cerebral responses to dehydration 

and the anticipation of receiving fluid. The current study demonstrates that a reduction EEG activity 

across the PL and MC was evident when no information about fluid allocation or remaining duration 

had been provided. It has recently been demonstrated that exercise in the heat may reduce neural activity 

across frontal and central regions of the brain compared to exercise in thermoneutral environments, 

which reflect reduced capacity to maintain focus in hot conditions (Périard et al., 2018). In the present 

study, the reduction in EEG activity for the NIF condition at 20 and 30 min across PL and MC sites 

may suggest that attentional focus was hindered due to increased subjective and physiological strain 

associated with exercise in the heat in a dehydrated state (Périard et al., 2018), and without anticipation 

of receiving fluids. Despite receiving the same amount of fluid at 30 min of the TT, the anticipation of 

receiving water in the FL condition allowed for greater reductions in thirst and thermal sensations during 

the final 15 min. In addition, the FL condition showed greater EEG activity across the MC and PL 

compared to the NIF condition once the water had been received, in spite of no differences between 

conditions for HR and Tc. Therefore, we propose that no information about fluids in a dehydrated state 
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will be more detrimental to performance as the anticipation of receiving fluids appears to allow for 

greater heat storage capacity once fluids have been received. This can be evidenced by the greater rate 

of rise in Tc (FL: 1.12 °C.h-1 vs NIF: 0.28 °C.h-1), which in turn may have allowed for the PO end-spurt 

and is reflected by an increase in neural activity across the MC and PL.  

 

Interestingly, there were minimal differences in RPE between conditions despite the provision of, or 

withholding of fluid at 30 min. It has been reported that when dehydrated, RPE may be lower when 

fluids are replaced as physiological strain becomes alleviated by lower Tc and lower HR (James et al., 

2017). However, the volume of fluid (600 mL) provided in the current study may have been insufficient 

to evoke physiological and thus RPE changes. While RPE was not affected by the allocation of fluid, 

immediately upon receiving fluids, thirst decreased and power output increased for the FL condition, 

which suggests subjective responses beyond RPE might influence pacing strategies. Thirst sensations 

are known to occur in an anticipatory manner to offset cellular dehydration (McKinley & Johnson, 

2004), where osmoreceptors and baroreceptors contribute to thirst by stimulating vasopressin to 

influence circulatory control (Hoffman et al., 2016; Kumada, Terui, & Kuwaki, 1990; Verbalis, 2003). 

The inhibition of thirst is suggested to take place rapidly upon the outset of fluid ingestion before core 

temperature changes can take place, and in anticipation of homeostasis restoration (Mandelblat-Cerf et 

al., 2017; Zimmerman et al., 2017). In the current study, during the FL condition, thirst was reduced 

immediately upon receiving fluid, while during the NIF condition, thirst sensations remained stable and 

did not reduce in a similar fashion to the FL condition. It appears that the anticipation of receiving fluids 

in a dehydrated state may better alleviate the sensation of thirst, compared to being deprived of the 

opportunity to anticipate fluid. Furthermore, the anticipatory function of fluid balance homeostasis is 

suggested to influence circulatory control by altering blood volume and vasoconstriction in a 

dehydrated state (Thornton, 2010). Therefore, the anticipatory role of fluid balance and 

thermoregulation may have alleviated some physiological strain whilst enduring a substantial deficit in 

plasma osmolality to allow for increased exercise intensity in the FL condition. Further, there may be 
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some input from centrally acting modifiers of fluid balance in anticipation of receiving fluid, which 

may have also contributed to the lower HR for the FL condition prior to receiving fluid.   

 

Following the allocation of fluid at 30 min in the FL condition, PO gradually increased, which coincided 

with greater neural activity across the PFC and MC compared to the NF condition. While it remains 

unclear how the CNS may influence pacing strategies during self-paced exercise under substantial 

physiological strain, it is suggested that increases in Tc may be detected by regions of the brain, 

including the hypothalamus and the PFC, which may also play a role in interpreting the sensation of 

thirst (McKinley & Johnson, 2004). During hyperthermia, temperature sensors in the hypothalamus are 

suggested to alter the autonomic responses (Nybo & Nielsen, 2001a) to limit homeostatic disturbances 

(Sawka & Noakes, 2007), which may also engage the anterior cingulate cortex (ACC) and the insular 

cortex (Gizowski & Bourque, 2018). Recent findings have shown that the pleasant consumption of fluid 

is associated with increased activity across the ACC and orbitofrontal cortex (Saker et al., 2014). Given 

the gradual increase in neural activity across the PFC coinciding with increasing exercise intensity, it is 

likely the pleasantness of relieving thirst was interpreted by the PFC, and pacing strategies were 

modified accordingly. Therefore, we suggest that thirst may contribute to a change in pacing strategies 

and a decline in PO during self-paced cycling in a dehydrated state. The current data demonstrate an 

increase in activity across the prefrontal and motor cortices following the intervention for the FL 

compared to the NF condition in support of previous findings (Saker et al., 2014). Communication 

within the CNS and anticipatory fluid balance mechanisms may have influenced the executive function 

and planning of the PFC which may have in turn altered the pacing strategy, and allowed for greater 

heat storage and endurance capacity during the final 15 min of the TT.  

 

The current data show no differences between conditions for muscular activation despite changes to 

power output for the FL condition compared to the NIF and NF conditions. Previous findings suggest 

that neuromuscular mechanisms may be responsible for a reduction in performance to compensate for 
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hypohydration and fluid restriction (Rodrigues et al., 2014). Marino et al., (2010) examined EMG 

activity during 60 min high intensity cycling effort with 6 x 60 s maximal sprints in heated or temperate 

conditions and reported that skeletal muscle recruitment was altered according to the hydration status 

to ensure successful completion of the variable intensity exercise protocol. However, findings from the 

current study do not support this conclusion as surface EMG was not affected by the anticipation of and 

the allocation of fluid for the FL and NIF conditions. In addition, in spite of the moderate to large effects 

in power output for the FL trial, there were no differences between conditions for EMG activity. While 

no differences were noted during dynamic exercise, a reduction in peak MVT and CAR immediately 

following the 45 min TT for all conditions were evident. It has been suggested that fluid consumption 

may alleviate impairments to isometric torque commonly noted while dehydrated (Rodrigues et al., 

2014), and it has been previously shown that MVC and voluntary activation will decline with rising 

core temperature independent of hydration status (Nybo & Nielsen, 2001a; Périard, Caillaud, et al., 

2011). Moreover, a reduction in central activation may be responsible for the decline in MVT relative 

to the degree of dehydration experienced (Judelson et al., 2007). As such, the small volume of fluid 

ingestion during the TT relieved the sensation of thirst, however, may not have been sufficient to alter 

hydration status during the final 15 min exercise in the heat and evoke neuromuscular changes recorded 

during the MVT protocol immediately post-TT.   

 

Conclusions  

This study provides a novel insight into the regulation of pacing strategies in a dehydrated state in 

relation to the anticipation of receiving fluid as it appears that anticipatory thirst mechanisms may be 

contributed to changes in exercise intensity when dehydrated. In addition, while it is known that the 

CNS may play a role in regulating exercise intensity to limit disturbances to homeostasis, this study 

purports that without anticipation of fluid and exercise endpoint, the PFC may play a role processing 

physiological and perceptual perturbations to alter pacing accordingly. Finally, we suggest that 

thermoregulatory behaviour when experiencing dehydration, including downregulation of PO and 



Chapter 5- Dehydration Study  

182 
 

increasing perceptual strain, may be more dependent on rating of thirst than rating of perceived exertion 

in hot conditions.  
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Abstract 

The purpose of this investigation was to examine ibuprofen ingestion on pacing strategies, neural 

responses and electromyography (EMG) during a 60 min intermittent self-paced cycling time trial (TT), 

and neuromuscular responses following 6 h recovery. 13 male (n=8) and female (n=5) recreational 

cyclists (VO2peak: 51.7±11.5 ml·kg·min-1) completed two identical 60 min TT including 30 s maximal 

sprints every 10 min (i.e. 9.5, 19.5, 29.5min), with random double-blind allocation of 200 mg ibuprofen 

(NSAID) or a placebo (PLA) prior to the TT. Blood samples were collected at pre, during and post TT 

and plasma was later analysed for interleukin (IL)-6, soluble glycoprotein-130 and tumour necrosis 

factor alpha (TNFα). Pain-pressure threshold (PPT) and neuromuscular assessments were completed 

pre, post and 6 h post-TT. Oxy and deoxy (HHb) haemoglobin concentrations of the prefrontal cortex 

(PFC) were continuously examined via near-infrared spectroscopy and EMG was recorded from the 

quadriceps and biceps femoris (BF). IL-6 and TNFα was higher for PLA compared to NSAID at all 

time points (P≤0.01). There were no differences between conditions for distance covered (NSAID: 

26.5±2.9 km, PLA: 26.1±3.6 km; P>0.318), however, power output (PO) was lower for the PLA 

condition 2.5 min prior to each sprint compared to NSAID (P≤0.05). Within the NSAID condition, BF 

activity was higher at 12.5-30 min and there was a moderate effect of condition at 37.5-45 and 55min. 

in addition, the NSAID condition had higher HHb concentration during the TT (d=0.50-1.06) and PPT 

post-exercise (d=0.61) compared to PLA. In conclusion, it appears that blunting the inflammatory 

response with ibuprofen, altered the physiological state, which contributed to the sustained submaximal 

efforts immediately before each sprint. Further, the higher PO was supported by an increase in co-

contraction from the antagonist and a greater rate of oxygen perfusion across the PFC.     
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Introduction  

The sensation of pain during strenuous exercise occurs in the presence of the noxious stimuli, 

prostaglandin (PGE). PGE is detected by sensory nociceptors (type III and IV afferents) which transmit 

information to the central nervous system (CNS) regarding pain and inflammation (O'connor & Cook, 

1999). As such, exercise performance may be reduced in response to the inflammation or pain 

associated with these physiological events (Amann et al., 2009; Andratsch et al., 2009). PGE is 

synthesised by cyclooxygenase (COX) enzymes (Dubois et al., 1998), and may contribute to 

hyperalgesia at the periphery during exercise. In addition, it is responsible for the release of the 

inflammatory marker, interleukin (IL)-6 (Hunter & Jones, 2015), where the transmission of pain is 

thought to occur through IL-6 binding to glycoprotein (gp)-130 (Andratsch et al., 2009). As such, 

consumption of commercially available non-steroidal anti-inflammatory drugs (NSAIDs) prior to 

athletic competition is a popular strategy to overcome hyperalgesia during strenuous exercise (Chazaud, 

2016; Stone et al., 2004).The mechanism of action for NSAIDs includes prevention of the COX enzyme 

(Cashman, 1996; Koh, Nguyen, & Jahr, 2015; Schoenfeld, 2012), which blunts the inflammatory 

response by inhibiting the production of PGE (Cashman, 1996) and the release of IL-6, thereby reducing 

the perception of pain (Hodkinson et al., 2015).  

 

It has been reported that preventing the transmission of pain may attenuate the communicatory function 

of sensory afferents III and IV, which may cause an overshoot in central motor drive during self-paced 

exercise (Amann et al., 2009). It is suggested that this overshoot may be detected by electromyography 

(EMG); however, does not appear to lead to improvements in endurance performance (Morgan et al., 

2018; Nieman et al., 2006; Stone et al., 2004), however analysis of pacing strategies during self-paced 

efforts following consumption of ibuprofen has not been extensively examined. While ibuprofen has 

been shown to reduce acute sensations of pain following a 42 km running trial, which lead to sustained 

maximal squat jump performance (de Souza et al., 2018), ibuprofen has not been shown to improve 

maximal contraction, 3 min all-out cycling efforts (Morgan et al., 2018), nor have improvements in 

endurance running been reported (Da Silva et al., 2015; Nieman et al., 2006).  Furthermore, evidence 
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supporting the effect of ibuprofen on recovery still remains unclear (Hasson et al., 1993; Stone et al., 

2004). Though ibuprofen during continuous running exercise has shown minimal benefit, there is 

unclear findings on higher intensity efforts (de Souza et al., 2018) during such endurance events. 

Therefore, it could be likely that an intervention with ibuprofen ingestion which incorporates both 

submaximal and high-intensity (i.e. intermittent) cycling may show some benefit to performance due 

to a reduction in pain at the muscle (de Souza et al., 2018), which may possibly improve the ability to 

reproduce maximal efforts.   

 

In addition to their analgesic effects, NSAIDs are also known to cross the blood brain barrier (BBB) 

(Bannwarth, Demotes-Mainard, Schaeverbeke, Labat, & Dehais, 1995; Candelario-Jalil et al., 2003). 

The centrally acting effects of NSAIDs is thought to include a down-regulation of PGE synthesis within 

the CNS and effect neurotransmitters and nociceptive pathways for processing and controlling pain in 

the brain (Anderson, 2008; Bannwarth et al., 1995). Further, it has been shown that selective COX2 

NSAIDs (i.e. indomethacin) may reduce cerebral blood flow (Pickard, 1981), and prevent accumulation 

of noxious PGE within the CNS, which may be released during periods of oxidative stress (Candelario-

Jalil et al., 2003). More recently, Hodkinson et al., (2015) showed that the analgesic effects of ibuprofen 

altered cerebral blood flow across the anterior cingulate cortex (ACC), prefrontal cortex (PFC) and 

anterior insula using magnetic resonance imaging. The authors reported that ibuprofen has an analgesic 

response in the human brain, however, this study was limited to only examine the analgesic effects of 

ibuprofen after surgery, and did not examine specific haemodynamic responses.  

 

Therefore, the primary aim of the current study was to examine ibuprofen ingestion on pacing strategies 

during 60 min self-paced intermittent cycling and the concomitant effects on electromyography (EMG) 

and cerebral oxy and deoxyhaemoglobin concentrations during the protocol. The secondary aim of the 

current investigation was to examine pressure pain threshold (PPT) and neuromuscular responses pre, 

post and 6 h post intermittent cycling following ingestion of ibuprofen. We hypothesised that ibuprofen 

would lead to a reduction in the sensation of pain at the muscle, and therefore increase central motor 

drive and exercise intensity during the cycling trials. In addition, we also hypothesised that the change 
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in exercise intensity for the ibuprofen condition would be preceded by a greater rate of oxygen 

perfusion, assessed by near-infrared spectroscopy methods across the prefrontal cortex due to 

alterations in the BBB. Finally, we hypothesised that following ibuprofen ingestion maximal voluntary 

torque would be better maintained at post exercise due to reduced central and peripheral fatigue 

compared to a placebo, however, these differences would be absent for the 6 h post neuromuscular 

assessment.  

Methods 

Participants 

Thirteen recreationally active male (n= 8) and female (n=5) cyclists and triathletes volunteered for this 

study, with mean ± SD age, mass, height and VO2peak of 31.8 ± 10.3 y, 74.9 ± 14.3 kg, 1.76 ± 0.9 m and 

51.7 ± 11.5 ml·kg·min-1, respectively. Participants were screened at familiarisation for exercise and 

health history using an adult pre-screening exercise tool and completed a customised allergy health 

questionnaire. Participants were excluded from the study if they were currently taking any medication 

that may impede on physical function and/or the inflammatory response, had suffered any recent illness 

or other condition that may alter neurophysiological functioning, including rheumatoid arthritis, 

pregnancy, or were smokers. Human ethics approval was gained prior to data collection by the 

Institutional Human Research Ethics Committee and informed written consent was obtained from each 

participant prior to familiarisation and data collection.  

 

Overview  

At familiarisation, peak oxygen uptake (VO2peak) was obtained via a ramp protocol to exhaustion with 

continuous gas exchange analyses (True One 2400, ParvoMedics, Utah, USA). VO2peak was completed 

on stationary cycle ergometer (Lode Excalibur Sport, Groningen, The Netherlands), where the initial 

stage commenced at 60 watts (W) for 2 min, and ramped by 30 W every minute thereafter. At 

familiarisation, participants also completed a 60 min intermittent time trial identical to the 60 min time 

trial to be completed during the successive time trials. Following familiarisation, participants completed 

two experimental trials in a randomised, counterbalanced fashion. The familiarisation and experimental 
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trials were separated by ~5 days and performed at the same time-of-day in standard laboratory 

environmental conditions (~ 21 °C, 51 % relative humidity). Each condition included a 60 min self-

paced cycling time trial (TT) with a 30 s maximal sprint every 10 min (i.e. 9.5, 19.5, 29.5, 39.4, 49.5, 

59.5 min) on an air-braked stationary cycle ergometer (Velotron, RacerMate Inc., Seattle, USA) and 

neuromuscular assessments were completed immediately pre TT, post TT, and 6 h post TT (recovery). 

The experimental trials were completed under two conditions; 1) Non-steroidal anti-inflammatory 

(NSAID), during which, participants ingested 400 mg ibuprofen, and 2) Placebo control (PLA) whereby 

participants ingested a placebo tablet (Glucodin). Both ibuprofen and placebo were crushed and 

deposited into non-transparent white capsules by an independent person and the experiment was 

conducted in a double-blind manner to deter effects of placebo ingestion based on recommendations of 

Beedie et al., (2018). Upon receiving capsules, participants were provided with instructions to ingest 

the tablet 2 h prior to arrival of each experimental trial.  

 

Upon arrival to the laboratories for the experimental trials, participants provided a urine sample to 

ensure they were sufficiently hydrated prior to commencing the TT via urine specific gravity 

examination (USG; PEN-SW, Atago, Tokyo, Japan). Following ~10 min in a rested state, resting heart 

rate (HR) and 10 ml venous blood sample was obtained from the antecubital vein of the non-dominant 

arm. These tests were followed by a pain pressure threshold (PPT) test of the left rectus femoris muscle 

and neuromuscular assessment of right knee extensors including maximal voluntary contraction (MVC) 

with electrical stimulation.  

 

Measurements 

Performance 

Power output (PO) during the 60 min TT was continuously recorded (Velotron CS 2008; RacerMate 

Inc., Seattle, USA) and later analysed in 30 s epochs using Microsoft Excel (Excel 2013, Microsoft 

Corp, Washington, USA) to determine mean power output (PO; W) every 2.5 min and peak PO during 

each maximal sprint.  
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Physiological and Perceptual  

Heart rate (HR) was recorded continuously throughout the respective conditions via chest strap and 

Bluetooth receiver (Team Pro 2, Polar, Finland) and later analysed every 2.5 min. Ratings of perceived 

exertion (RPE) was assessed using the 6-20 point Borg scale (Borg, 1984) every 5 min during the 60 

min TTs. 

 

Pain Pressure Threshold (PPT) 

PPT was assessed by manually applying pressure to the centre of the left rectus femoris (RF) muscle 

via hand-held digital algometer (Force One FDIX, RS232, Wagner Instruments, Greenwich, CT) while 

participants were seated in the isokinetic dynamometer for neuromuscular assessments. The peak value 

of three PPT assessments were manually recorded and later analysed. Participants were instructed to 

inform the researcher when the sensation went from ‘pressure’ to ‘pain’ and the peak output over three 

assessments separated by 15 – 30 s was manually recorded in kilograms of force (kgf). Intraclass 

correlations (ICC) and coefficient of variance (CV) for the Force One device have been reported as 0.93 

and 9.2 %, respectively (Cochrane, 2017). 

 

Neuromuscular Function 

Participants were seated on an isokinetic dynamometer (Humac Norm Isokinetic Dynamometer, 

Ausmedic, CSMi Medical Solutions, Stoughton, USA) with 90° flexion at the hip and knee joints with 

the right ankle secured to the lever arm of the device 1 cm above lateral malleolus of right leg. Surface 

electrodes were placed along the femoral nerve ~1 cm below the inguinal fold of the right leg. Electrical 

stimulus was delivered via voltage stimulator (Model DS 7 A, Digitimer Ltd, Welwyn Garden City, 

Hertfordshire, England) with 200µs square wave pulse. The stimulus was delivered at 50 milliamp (mA) 

increments until peak twitch torque was achieved, then a further 10% was then delivered to confirm 

that peak twitch had been attained. Participants then completed warm-up contractions of the right leg 

including 2 x contractions at 50%, 75% and 90% of MVC. Following adequate warm-up, participants 

completed 6 x MVC at 100% effort to be held for 5 s with an electrical stimulation delivered 

immediately at peak force and immediately post MVC (~1 s). Each MVC was separated by a 25 s 
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recovery period (ratio 1:6). Maximal voluntary torque (MVT) was determined as the torque value 

produced within 50 ms prior to stimulus delivery. From the potentiated evoked twitch contractions, 

mean torque-time curves were generated to determine the following characteristics of each MVC; peak 

twitch torque (Pt); rate of torque development (RTD); time to peak torque (TPt); rate of relaxation (RR); 

half relaxation time (HRT); contraction duration (CD) using a customised LabView protocol as per 

Cannon et al., (2008). 

 

Cerebral Oxygenation  

A continuous-wave near-infrared spectroscopy (NIRS) instrument (200NX, Hamamatsu Phototonics, 

Hamamatsu City, Japan) examined changes to oxy (O2Hb) and deoxy (HHb) haemoglobin 

concentrations and normalised tissue haemoglobin index (nTHI) of the prefrontal cortex (PFC). Light 

emitter and detector probes were positioned between F1 and F4 sites over the PFC according to the 

international 10:20 system (interoptode distance= 4 cm). Probes were secured via double sided adhesive 

tape with Velcro straps to deter unnecessary light. The NIRS instrument transmits light at 775, 810 and 

850 nm wavelengths through superficial layers of tissue and applies a modified Beer-Lamberts Law 

during data acquisition to calculate O2Hb and HHb concentrations. The respective haemoglobin 

concentrations are presented in μmol·L·cm. To limit interference from superficial layers of tissue, 

spatially resolved spectroscopy methods were applied to calculate nTHI in arbitrary units (a.u.). To 

record NIRS data synchronously with EMG RMS through the acquisition software (LabChart v8.1.6, 

ADInstruments, NSW, Aus), a customised cable was developed to transfer the analogue output from 

the NIRS instrument to the computer in real-time to be later analysed. All NIRS data were sampled at 

1.s-1 and 30 s epochs were later analysed every 2.5 min and during each sprint of the respective trials.  

 

Electromyography (EMG) activity  

Muscular activity was assessed at the belly of the vastus medialis (VM), rectus femoris (RF), vastus 

lateralis (VL) and biceps femoris (BF). Each site was prepared by shaving then abrading the skin and 

an alcohol swab to clear the site of dirt prior to securing the electrodes (Trigno, Delsys, Boston, Mass, 

USA). For data acquisition, the 16-Channel EMG software (EMG Works, Delsys, Boston, Mass, USA) 
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was interfaced with additional acquiring software (LabChart v8.1.6, ADInstruments, NSW, Aus) for 

synchronous sampling throughout the duration of the cycling protocols. A bandwidth filter of 20 – 450 

Hz at 1 kHz was applied, and data were analysed as the root mean square (RMS) and manually reduced. 

Peak EMG RMS during the maximal effort sprints are described as 100 %, and all subsequent data were 

normalised to the peak RMS obtained. EMG during the intermittent TTs were normalised by dividing 

the RMS value over each 5 s epoch every 2.5 min and during each maximal sprint by the peak RMS 

and are expressed as percent (%) change.  

 

Blood Sampling and Analysis  

Venous blood samples (5 mL) were drawn pre-TT, 30 min during TT, immediately post neuromuscular 

assessment, and upon arrival for recovery neuromuscular assessment trial (6 h post-TT). A 22 gauge 

hypodermic cannula needle was inserted into the medial antecubital vein of the participant’s non-

dominant arm and secured via hypo-allergenic tape. Blood samples were obtained and directly inserted 

into ethylenediaminetetraacetic acid (EDTA; Becton Dickinson, Sydney, Australia) treated tubes 

according to manufacturer’s instructions. Blood samples then were inverted and immediately 

centrifuged at 4000 rpm for 10 min at 3 °C where the plasma was then drawn and stored in -80 °C 

freezer until later analysis.  

 

Plasma concentrations of IL-6, TNFα and sgp130 were measured in duplicate using commercially 

available MAGPIX kits. Concentrations (pg/mL) of these markers of inflammation were measured by 

a bead-based multiplex protein assay using the MAGPIX instrument (Luminex, Austin, TX, USA) 

according to manufacturer’s instructions (Millipore, Billerca, MA, USA). There was a dilution factor 

(1:5) applied to sgp130 plasma samples prior to analyses on the Millipore software. The intra-assay 

coefficient of variance (% CV) for IL-6, TNFα and sgp130 was 2.0, 4.1 and < 10 %, respectively. Blood 

results are presented as the total of the plasma volume concentrations.  
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Statistical analysis 

To assess differences between conditions, a repeated measures analysis of variance (ANOVA) was 

completed and pairwise comparisons was used to determine where significant differences were present. 

The Hyunh-Feldt correction was applied if the assumptions of sphericity were violated. A standardised 

effect sizes analyses was completed to examine the magnitude of differences between conditions 

(Cohens d; d). Effect sizes were categorised as follows; trivial (< 0.2), small (0.2 – 0.49), moderate (0.5 

– 0.79) and large (> 0.80). Data are reported as mean ± standard deviation (SD). Significance was set 

to P ≤ 0.05.  

Results 

Inflammatory Cytokines 

Plasma IL-6 and TNFα concentration was higher for the PLA condition at pre-TT, 30 min, post-TT and 

6 h post-TT compared to the NSAID condition (P≤ 0.01; d= 2.16 – 13.14; Figure 6.4A). Within the 

NSAID condition, there was a higher concentration of IL-6 at post-TT and 6 h post-TT compared to 

pre-TT (P≤ 0.01), while no significant change in concentration was evident within the PLA condition 

compared to pre-TT (P≥ 0.14). TNFα concentration within the NSAID condition was greater at 60 min 

compared to pre-TT (P≤ 0.01; Figure 6.4B), while no change was evident within the PLA condition (P≥ 

194). There was no difference in sgp130 concentration between conditions at all time points (P≥ 0.21; 

Figure 4C), however, effect size analyses revealed lower sgp130 concentration for the NSAID condition 

at 30 min (d= 0.60) and lower concentration for the PLA condition at 6 h post-TT (d= 0.75). Compared 

to pre-TT, there was greater sgp130 concentration within the NSAID and PLA conditions at 60 min (P≤ 

0.04).  
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b Significant change overtime within NSAID (P≤ 0.04) 
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Performance 

There was no difference for distance covered between conditions (NSAID: 26.5 ± 2.9 km, PLA: 26.1 ± 

3.6 km; P ≥ 0.318). As shown in Figure 6.1A, mean PO was higher for the NSAID condition compared 

to the PLA condition at 17.5, 27.5, 37.5, 45 and 47.5 min (P ≤ 0.01; d= 0.50 – 0.68). Within the NSAID 

condition there was an effect of time with lower PO at 5 and 15 min compared to 2.5 min (P ≤ 0.05 and 

0.04, respectively) while during the PLA condition, PO was reduced at 52.5 min compared to 2.5 min 

(P ≤ 0.03). There was no difference between NSAID and PLA conditions for peak PO during the 

maximal sprints (P ≥ 0.18). Compared to the first sprint, peak PO was reduced within the NSAID 

condition at sprint 3, 4 and 5 (P ≤ 0.05) while peak PO reduced within the PLA condition at sprint 3 

and 5 (P ≤ 0.02).  

 

Physiological and Perceptual 

HR was lower in the PLA condition compared to the NSAID condition at 17.5 min (P ≤ 0.02; Figure 

6.1B), while no other differences between conditions is evident at all other time points (P ≥ 0.05). HR 

was higher within NSAID and PLA conditions at each time point compared to rest (P ≤ 0.01).  

 

RPE was higher in the NSAID condition compared to the PLA condition at 5 min (P ≤ 0.02; d= 1.0; 

Figure 6.1C) and moderate effects at 60 min (d= 0.70). RPE was higher within the NSAID and PLA 

conditions at all time points compared to the first 5 min (P ≤ 0.02).    
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Figure 6.2 Mean ± SD during 60 min time trials for A) power output (W), B) heart rate 

(beats.min-1) and C) rating of perceived exertion for the NSAID and CONT trials (n= 13).  
a Significant difference between NSAID and PLA (P≤ 0.05); 
b Significant change overtime within NSAID (P≤ 0.05); 
c Significant change overtime within PLA (P≤ 0.03); 
d moderate to large effect sizes between NSAID and PLA (d= 0.50 – 1.0) 
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Pain Pressure Threshold 

There were no significant differences between conditions for PPT (NSAID: pre: 8.4 ± 1.8 kgf, post: 9.3 

± 1.9 kgf, 6h recovery: 8.5 ± 1.7 kgf, and PLA pre: 8.8 ± 1.7 kgf, post: 8.6 ± 1.52 kgf, 6h recovery: 8.7 

± 2.0 kgf; P ≥ 0.381). Effect size analyses revealed a moderately higher PPT for the NSAID condition 

compared to PLA at post exercise (d= 0.61).  

 

Cerebral Oxygenation   

Examination of O2Hb revealed no differences between the NSAID and PLA conditions at any time 

point during the respective TTs (P > 0.168; Figure 6.2A). However, within the NSAID condition, O2Hb 

was greater from 5 – 60 min (P ≤ 0.01) and within the PLA condition, O2Hb concentration was greater 

from 7.5 – 60 min (P ≤ 0.01) compared to rest. HHb concentration was higher for the NSAID condition 

compared to the PLA condition at sprint 4 (P = 0.032) with moderate effects at 5 – 20, 37.5, 42.5 – 55 

and 60 min (d= 0.50 – 0.77) and large effect at 57.5 min (d= 0.89). There was no significant differences 

between or within NSAID or PLA conditions for nTHI (P ≥ 0.11; Figure 6.2C), however, effect size 

analysis revealed higher concentration for the PLA condition with moderate effects at 7.5, 22.5, 25, 30, 

35 – 40, 45 and 60 min (d= 0.56 – 0.70) and large effects at 10 – 20 and 27.5 min (d= 0.82 – 1.06).  
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Electromyography 

During the NSAID condition, VM EMG was higher at 2.5 min (P≤ 0.04; d= 0.52; Figure 6.3A) and 

moderate effects at 50 and 60 min (d= 0.56 – 0.59) compared to PLA. No differences between 

conditions was evident for RF activity (P ≥ 0.24), though effect size analysis revealed moderately higher 

EMG for NSAID compared to PLA at 12.5 min (d= 0.53). Examination of VL activity showed no 

differences between conditions (P ≥ 0.05) though the PLA condition showed moderately higher activity 

compared to the NSAID condition at 12.5, 20 and 30 min (d= 0.56 – 0.64) and large effects at 40 and 

60 min (d= 0.92 – 1.10). There was no differences between conditions for BF EMG activity (P ≥ 0.05) 

though the NSAID condition showed moderately higher EMG activity at 10, 22.5 – 25, 35, 42.5-45 and 

55 min (d= 0.51 – 0.79). Within the NSAID condition compared to 2.5 min, VM activity was higher at 

15, 17.5 and 22.5 min (P ≤ 0.05) and at each maximal sprint (P ≤ 0.001), RF activity was higher at 7.5 

– 27.5 min (P ≤ 0.04), VL activity was higher at 12.5 – 25 min (P ≤ 0.02), and BF activity at 12.5 – 27.5 

min compared to 2.5 min (P ≤ 0.01; Figure 6.3D).  Within the PLA condition compared to 2.5 min, VM 

activity was lower at 22.5 min (P ≤ 0.05) and at sprint 3 compared to sprint 1 (P ≤ 0.03), RF activity 

was lower at 22.5 min (P ≤ 0.05) and VL activity was higher at 5 – 32.5, 45, 27.5, 55 and 57.5 min (P≤ 

0.04).  
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Figure 6. 4 Mean ± SD of electromyography activity across A) vastus medialis (VM), B) rectus 

femoris (RF), C) vastus lateralis (VL), and D) biceps femoris during the NSAID and CONT 60 min 

cycling trials (n=13).  

a Significant difference between NSAID and PLA conditions (P ≤ 0.03); 

b Significant change overtime within NSAID (P ≤ 0.05); 

c Significant change overtime within PLA (P ≤ 0.05); 
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Neuromuscular 

There were no differences between conditions for any variable of neuromuscular function (P ≥ 0.061; 

Table 6.1), however, at post exercise, effect size analysis revealed the NSAID condition had higher Pt 

(d= 0.66) and higher RFD (d= 0.82). Additionally, at recovery, TPf was higher in the NSAID condition 

(d= 0.68). Within the NSAID condition, Pt, HRT and CD was lower at pre-exercise compared to post-

exercise (P ≤ 0.01), and increased CD at post-exercise compared to recovery (P ≤ 0.02). Within the 

PLA condition there was a reduction in Pt, RFD and HRT at post compared to pre-exercise (P ≤ 0.049) 

and increased Pt and RFD at recovery compared to post-exercise (P ≤ 0.01).  
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 Peak MVT 

(Nm) 

Mean MVT 

(Nm) 

Pt (Nm) RFD (N/s) RR (N/s) TPf (ms) HRT (ms) CD (ms) 

Pre-exercise         

NSAID 177.2 ± 66.2 165.8 ± 62.3 37.7 ± 23.5 558.4 ± 386.57 -231.2 ± 139.1 75.6 ± 16.0 88.3 ± 35.9 163.9 ± 42.7 

PLA 178.9 ± 60.7 165.6 ± 58.9 33.4 ± 24.0 501.5 ± 397.34 -247.7 ± 168.5 74.9 ± 18.6 78.2 ± 49.6 153.1 ± 53.8 

Post-exercise         

NSAID 170.1 ± 63.6 154.1 ± 60.1 31.2 ± 17.57b 496.4 ± 301.27  -371.8 ± 276.6 69.3 ± 13.5 52.7 ± 31.0b 122.0 ± 33.5b 

PLA 150.5 ± 59.9 139.2 ± 59.8 22.7 ± 18.6cd 329.0 ± 278.7cd -293.8 ± 273.1 72.3 ± 10.8 46.5 ± 24.4c 118.9 ± 27.0 

Recovery         

NSAID 177.4 ± 65.7 167.3 ± 63.2 38.8 ± 23.49 553.7 ± 341.86 -265.9 ± 170.8 79.5 ± 25.0 66.8 ± 29.7 146.4 ± 28.8b 

PLA 175.8 ± 64.7 163.0 ± 61.1 37.0 ± 20.38c 563.3 ± 322.39c -266.2 ± 208.7 70.0 ± 12.6d 71.8 ± 32.5 141.7 ± 27.4 

 

 

b Significant change overtime within NSAID (P ≤ 0.02) 
c Significant change overtime within PLA (P ≤ 0.05) 
d Moderate to large effects between the NSAID and PLA conditions (d= 0.66 – 0.82) 

Table 6.1 Mean ± SD peak and mean maximal voluntary torque (MVT), and twitch contractile properties including peak force (Pf), rate of 

force development (RFD), rate of relaxation (RR), time to peak force (TPf), half relaxation time (HRT) and contraction duration (CD) for 

NSAID and PLA 60 min cycling trials (n= 12).  
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Discussion  

The primary aim of the current study was to elucidate the effects of ibuprofen on intermittent cycling 

performance, pacing strategies, cerebral oxygenation, and electromyography responses of the knee 

extensor and flexor muscles. Interestingly, while there were no differences between conditions in PO 

for the maximal sprint efforts, following the ingestion of ibuprofen, participants were able to maintain 

submaximal exercise intensity during the penultimate minute to each sprint compared to the placebo 

condition, though did not have any effect of overall performance or maximal sprint power output. In 

addition, there was greater co-contraction of the hamstring muscles during the NSAID condition 

compared to the PLA condition. Another novel aspect of the current study is the inclusion of near-

infrared spectroscopy to examine concentrations of oxy and deoxygenated haemoglobin during the 

intermittent cycling efforts. It appears that ibuprofen increased rate of oxygen perfusion across the PFC, 

as evidenced by higher HHb concentration from 5 min into the 60 min TT compared to the PLA 

condition. Finally, higher pain tolerance was noted for the NSAID condition in addition to higher Pt 

and RFD at post exercise, possibly suggesting less contributions of peripheral fatigue to performance 

compared to the PLA condition. Our findings support previous literature which suggests exercise may 

be regulated based on afferent feedback pertaining to physiological changes (Micklewright, 

Papadopoulou, Swart, & Noakes, 2010; Swart et al., 2012) including acute inflammation (Vargas and 

Marino, 2018) and pain tolerance (de Souza et al., 2018).  

 

An interesting finding in the current study is that while PO declined during the PLA condition leading 

into each sprint, the NSAID condition was able to maintain submaximal exercise intensity. However, 

this reduction in PO for the PLA condition leading into each sprint did not translate into a reduction in 

peak power output during the maximal sprint efforts. During parabolic pacing, a reduction in PO will 

occur in anticipation of the end-spurt, while during intermittent cycling, it is common to observe a 

reduction in PO prior to high intensity efforts (Atkinson, Peacock, & Passfield, 2007; Thomas et al., 

2012). Furthermore, there is evidence to suggest that pacing strategies may be formed in an anticipatory 

manner (de Koning et al., 2011; Tucker, 2009) and may be modified during an intermittent cycling trial 
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based on the number of sprints to be performed (Billaut et al., 2011). Kay et al., (2001) examined peak 

PO during a similar intermittent sprint protocol, with 6 x maximal efforts dispersed throughout a 60 

min TT and reported that EMG activity and PO were reduced within the initial five maximal effort 

sprints, and then increased for the final sprint effort. Kay and colleagues (2001) suggest that in 

anticipation of the final sprint, exercise intensity was reduced to preserve neuromuscular resources for 

the remaining high intensity efforts. Therefore, it may be likely that participants may have voluntarily 

or involuntarily prioritised the maximal sprints, and consequentially sacrificed the submaximal cycling 

efforts (Skein, Duffield, Cannon, & Marino, 2012). In accordance with previous studies which have 

examined intermittent self-paced exercise (Kay et al., 2001; Skein et al., 2012), it appears that PO was 

regulated in anticipation of each sprint in order to achieve a peak power output. In anticipation of 

achieving peak power output during the maximal sprints, submaximal intermittent efforts during the 

penultimate minutes was reduced, indicating a more tactical pacing strategy may have been applied 

(Renfree, Matrin, Micklewright & St Clair Gibson, 2014).  

 

There was greater pain tolerance of the rectus femoris for the NSAID condition immediately post 

exercise (d= 0.61), though these differences were no longer evident during the recovery period. De 

Souza et al., (2018) recently reported no differences between the placebo control and experimental 

group for speed, pace or time to completion during a 42 km running trial, however, there was a 

significant reduction in squat jump height for the control group while the experimental group 

maintained their squat jump ability post-race. The authors suggested that the difference in squat jump 

performance may be related to an increase in pain at the gastrocnemius for the control condition. 

Therefore, it could be likely that higher pain tolerance for the NSAID condition in the current study 

permitted participants to maintain PO during the submaximal efforts. Further, NSAIDs have been 

related to reduced pain sensations and muscle soreness following exercise (Cashman, 1996; Koh et al., 

2015), and are therefore a popular ergogenic aid. Specifically, it is hypothesised that ibuprofen use may 

attenuate muscle soreness following long duration running (Francis & Hoobler, 1987; Hasson et al., 

1993; Tokmakidis, Kokkinidis, Smilios, & Douda, 2003) by inhibiting the activity of the COX pathways 

and blunting the inflammatory process (Almekinders, 1999; Da Silva et al., 2015; Grossman, Arnold, 
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Perrin, & Kahler, 1995; Nieman et al., 2006), however, this finding has not yet been confirmed, 

particularly during intermittent cycling efforts (Lanier, 2003). The current authors suggest that blunting 

of the inflammatory response altered peripheral sensations of pain, which contributed to the power 

outputs during the penultimate minutes, however, did not affect delayed muscle soreness, as these 

differences were no longer present 6 h post cycling.  

 

During the submaximal cycling efforts between the maximal sprints, there appears to be greater 

contribution from the antagonist muscle (BF) for the NSAID condition compared to the PLA condition. 

There is evidence to suggest that elevated plasma IL-6 during strenuous exercise is associated with the 

inflammatory response to exercise-induced muscle damage and low muscle glycogen content (Wahl, 

Hein, Achtzehn, Bloch, & Mester, 2015). PGE and cytokines are suggested to provide a communicatory 

pathway between the periphery and the brain regarding homeostasis (Glass et al., 2010) and may be 

related a danger signal spread to areas of the brainstem and hypothalamus during acute inflammation 

(Vargas & Marino., 2014). Willoughby, VanEnk, and Taylor, (2003) reported that muscle tissue injury 

was greater for eccentric contractions compared to concentric contractions. The authors suggested that 

the magnitude of muscle injury, as evidenced by a reduction in strength and increase in perceived 

muscle soreness, was responsible for the upregulation of IL-6. Based on the findings in the current study 

during the PLA condition, we propose that the eccentric action of the BF may have been reduced due 

to circulating IL-6 released from skeletal muscle. Therefore, blunting the inflammatory cytokine 

cascade through ibuprofen may have contributed to contraction ability of the antagonist muscle. It may 

be possible that the altered physiological state, due to inhibition of noxious chemical PGE (Cashman, 

1996) within the NSAID condition allowed participants to modulate muscular activation patterns to 

efficiently distribute muscle tension through the pedalling action (Hautier et al., 2000). Further, the loss 

in contractile function, as evidenced in the post-TT neuromuscular assessments, for the PLA condition 

may also be responsible for the reduction in PO leading into each sprint. However, future research will 

need to determine the mechanisms related to co-contraction and if the release of IL-6 from skeletal 

muscle is different between agonists and antagonists during the pedalling action.    
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From the first 5 min of the TT, the NSAID condition showed an increase in the rate of oxygen perfusion 

across the PFC, as made evident by the greater HHb concentration and reduced haemoglobin index 

(nTHI) compared to the PLA condition. These findings suggest there may be a relationship between 

NSAID ingestion and cerebral oxygenation during self-paced exercise. As discussed, the primary role 

of NSAIDs is to limit the enzyme-mediated PGE producing pathway by blunting COX activity, thereby, 

altering the inflammatory response (Grossman et al., 1995). By inhibiting the production of PGE, it is 

suggested that this may be related to a reduction in cerebral ischemia, and reduced oxidative stress 

during neuroinflammation (Candelario-Jalil et al., 2003). Acute neuroinflammation is suggested to be 

a protective mechanism intended to defend the CNS from injury (Glass et al., 2010), and may contribute 

to the continuous regultion of exercise intesnity (Vargas & Marino, 2018). Furthermore, there is 

evidence to suggest that NSAIDs may influence permeability of the BBB (Novakova et al., 2014), and 

alter cerebral blood flow (Seideman & von Arbin, 1991), though these findings are only evident through 

the ingestion of indomethican (selective COX2 inhibitor) and are limited to the neonatal cohort. 

Therefore, during the NSAID condition in the current study, permeability of the BBB may have been 

altered, and in turn altered the rate of oxygen perfusion across the PFC. The change in oxygen delivery 

and perfusion at the PFC may have also limited competition for delivery of oxygenated blood to the 

CNS and around the body during strenuous exercise (Billaut et al., 2010). Therefore, the increased rate 

of perfusion at the PFC, may also be related to the maintained power output during submaximal cycling 

bouts. However, to the author’s knowledge, there is limited evidence available to support these findings 

in a healthy athletic population, which is a limitation of the current study and warrants further research 

in this domain.   

 

While there was no differences evident between conditions for the properties contributing to 

neuromuscular function, there appears to be a greater contraction duration within the NSAID condition 

at post-exercise, while rate of force development within the PLA condition was reduced also at post-

exercise. Peripheral fatigue following strenuous endurance exercise is inevitable (Allman & Rice, 2002; 

Hureau et al., 2014), and it is common to observe reductions in twitch contractile properties, which 

suggests fatigue at the muscle is evident (Allman & Rice, 2002; Thomas et al., 2015). While no 
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significant differences were evident, the magnitude of effects revealed a moderate to large reduction in 

Pt and RFD for the PLA condition compared to the NSAID condition at post exercise. The lower Pt and 

shorter RFD within the PLA condition may stem from a change in physiological properties distal to the 

neuromuscular junction, eliciting a greater degree of peripheral fatigue for the control condition (Vargas 

& Marino, 2014). In addition, the reduction in CD within the PLA condition may be the result of 

fatigued the motor units due to the strenuous cycling efforts. Following endurance exercise, Allman and 

Rice, (2002) reported that metabolic changes at the muscle are likely to inhibit the ability of the muscle 

to reproduce maximal force, which could be attributed to propagation failure and a resistance in 

excitation of actin-myosin bridge coupling (Taylor et al., 1997). A reduction in these properties of 

neuromuscular function may also explain a reduction in peak PO during sprints 3, 4 and 5 compared to 

peak PO during sprint 1 within the NSAID condition.   

 

In conclusion, during intermittent self-paced exercise, without ingestion of ibuprofen, pacing strategies 

are regulated in anticipation of the pending maximal sprint efforts. However, following the ingestion of 

ibuprofen, submaximal power outputs during the penultimate minutes were better maintained leading 

into the sprints. We suggest the submaximal cycling efforts may have been maintained due to a higher 

pain tolerance, following the prevention of the inflammatory response. It may also be likely that the 

increased rate of oxygen perfusion at the PFC may have contributed to the submaximal cycling efforts 

for the NSAID condition. As such, it appears that blunting biochemical release at the muscle may have 

reduced the sensation of pain during the exercise bout which may have facilitated an increase in neural 

drive to the active muscles to support the submaximal cycling intensities.  
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7.1 Overview of the Thesis 

This thesis examined the manipulation of exercise expectations and physiological states on pacing 

strategies and neurophysiological, perceptual and physiological responses during self-paced endurance 

exercise. The specific aims of this thesis were to i) examine the of withholding, providing and/or 

manipulating exercise expectations on neural activity and neuromuscular properties to determine if 

neural changes precede alterations to exercise behaviour, i.e. pacing strategies, and ii) examine the 

altering of physiological states under known and unknown circumstances to determine if pacing 

strategies are regulated by changes in physiological strain, perceptual strain or in anticipation of the 

exercise endpoint. Primarily, this was achieved by manipulating exercise expectations by withholding 

exercise feedback (Chapter Three), and altering exercise endpoint (Chapter Four). In relation to thesis 

aim two), physiological state was altered by dehydrating participants and providing or withholding fluid 

(Chapter Five), and ibuprofen ingestion (Chapter Six). The interventions in each study were diverse in 

order to examine if changes in exercise intensity would be altered based on expectations and knowledge 

of exercise endpoint (thesis aim one) or based on a change in physiological state (thesis aim two), and 

to ascertain if changes in exercise expectations may be related to changes in neurophysiology and 

perceived exertion.  

7.2 Summary of the Major Findings  

Chapter Three- Study One: Knowledge of Exercise Endpoint   

The first study in this thesis (Chapter Three) examined the effect of withholding versus providing 

information about remaining distance during a 30 km cycling time trial. This study reported that RPE 

was not different between the conditions in spite of higher power output for the duration of the known 

trial compared to the unknown trial. This finding is consistent with Tucker (2009) who states that RPE 

may be based on previous experience, present sensations and in anticipation of remaining duration as 

there was a higher RPE for a given PO without physiological perturbations. Therefore, this finding 

suggests that a lack of knowledge, and the withholding of exercise information will contribute to 
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increase in RPE. In addition, when knowledge of remaining duration was available, an end-spurt in PO 

was evident. It may be likely that the pacing strategy for the known condition was elicited upon the 

outset of the exercise trial, and manipulated throughout for optimal adjustment of metabolic and 

physiological resources in anticipation of the exercise endpoint. Furthermore, this study reported greater 

activity across the PFC, which was evidenced by greater oxygen extraction and greater oxyhaemoglobin 

index coinciding with higher power output for the known condition. There was also greater parietal lobe 

activity for the duration of the known trial suggesting greater communication with the PFC for 

successive neural drive to the active musculature. In accordance with thesis aim one, this study reported 

that withholding information about exercise duration will limit athletes to determine exercise intensity 

based on sensory cues and perceived exertion to stay within homeostatic constraints, thus utilising a 

more conservative pacing profile. This study purports that greater prefrontal cortex and parietal lobe 

activity suggests increased attentional processing for efficient distribution of metabolic recourses, 

taking into account knowledge of remaining duration to allow for an increase in power output during 

the end-spurt.  

 

Chapter Four- Study Two: Deception of Exercise Endpoint  

As outlined in study two (Chapter Four), this study aimed to examine the shortening or extending 

exercise duration without the participant’s knowledge, on pacing strategies, neural activity and 

perceptual responses. This study included three cycling trials of 24, 30 and 36 km in duration, however, 

participants were informed that each trial was identical and 30 km in length.  

 

The findings in this chapter showed that RPE was higher, and power output and heart rate responses 

were reduced, for the longer (36 km) exercise trial after reaching the 30 km expectation of exercise 

duration. Conversely, when exercise expectations were accurate, PO did appear to reflect an even pacing 

strategy with an end-spurt in power output. These findings are consistent with Chapter Three as the 

pacing strategy for the longer duration trial appeared to be regulated based on previous experience, and 
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the RPE was exacerbated by inaccurate exercise feedback. This study also reported a decline in 

oxygenation of the prefrontal cortex exceeding 70 % completion for the longer duration trial, and it was 

reported that oxy and deoxygenation across the prefrontal cortex was strongly associated with RPE 

during all trials. As the verbalisation of fatigue (RPE) may reflect the biological demands to maintain a 

stable internal environment, and in relation to remaining duration, this study proposes that when 

duration is expectantly extended, exercise intensity will be reduced to minimise physiological 

perturbations beyond the predetermined expectations (i.e. exercise template). Furthermore, while the 

down-regulation in exercise intensity may have been in response to higher RPE, the altered neural 

activity across the PFC suggests exercise intensity may have been reduced to limit physiological 

perturbations and offset inadequate delivery of oxygen to the brain (Nybo & Rasmussen, 2007). In 

accordance with thesis aim one, this study reported that the relationship between cerebral oxy and 

deoxygenation and RPE may be indicative of central regulation of efferent command. The findings from 

this study suggest that if manipulation of exercise endpoint occurs, a reduction in exercise intensity may 

occur in response to a change in PFC activity, and may be further reflected by higher RPE.  

 

Chapter Five- Study Three: Knowledge of Fluid in a Dehydrated State 

The third study (Chapter Five) in this thesis aimed to examine the anticipation of fluid versus no 

anticipation of fluid allocation during cycling in a dehydrated state. In addition, this study also aimed 

to examine the effects of providing versus withholding fluid during cycling in a dehydrated state. During 

the cycling time trials, physiological, perceptual and neurophysiological responses were measured.  

 

In relation to thesis aim one, this chapter examined the providing versus the withholding of information 

pertaining to the allocation of fluid. This study reported that when no information about expected fluid 

allocation was provided, there was a decline in power output, and an increase in EEG activity across 

the prefrontal cortex and greater rate of deoxygenation compared to the informed conditions. The 

greater neurophysiological activity across the prefrontal cortex suggests that the executive function of 
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this region of the brain may have been interpreting afferent feedback to down-regulate efferent drive 

without knowledge of receiving water, and therefore, remaining duration. In accordance with thesis aim 

two, this chapter compared the effect of fluid allocation to no fluid allocation during self-paced cycling 

in a dehydrated state. The findings in this study demonstrate that the provision of water in a dehydrated 

state will alleviate the sensation of thirst and may increase heat storage capacity, which in turn will alter 

the pacing strategy and allow for an end-spurt. This higher power output was also reflected by higher 

EEG activity across the parietal lobe and motor cortex. This chapter demonstrates that without the 

anticipation of fluid, and knowledge of exercise duration, the prefrontal cortex may play a role 

processing physiological and perceptual perturbations to alter pacing accordingly. Furthermore, with 

the expectation of receiving fluid, anticipatory thermoregulatory fluid balance mechanisms may be 

related to altered pacing strategies leading up to the exercise endpoint during self-paced exercise in a 

dehydrated state.   

 

Chapter Six- Study Four: Inflammation  

The aim of study four (Chapter Six) was to examine ibuprofen ingestion on self-paced intermittent 

cycling performance, neural activity, EMG and neuromuscular contractile properties at pre, post, and 6 

h post cycling. This study included 60 min cycling trials with 30 s maximal sprints interspersed every 

10 min. For this study, participants consumed ibuprofen or a placebo 2 h prior to cycling performance.  

 

This chapter reported that during self-paced exercise following ingestion of ibuprofen, there was higher 

power output prior to each maximal sprint, which was reflected by an increase in EMG activity from 

muscles of the quadriceps and hamstrings. Interestingly, the differences between conditions for power 

output and EMG activity did not translate into a difference in neuromuscular contractile properties 

following the cycling trials. As such, it appears that the workload priority was dedicated to the sprints, 

compared to the submaximal cycling efforts. This study also demonstrated a greater rate of 

deoxygenation across the prefrontal cortex for the ibuprofen condition which may have been related to 
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alteration of the neurovascular coupling function of the BBB. Finally, this study reported a moderately 

higher pain tolerance for the ibuprofen condition immediately following the cycling trials. In relation 

to thesis aim two, this study suggests that when physiological state is manipulated by ibuprofen, 

exercise intensity during the submaximal component of an intermittent cycling trial may be increased, 

which may be due to a blunted inflammatory response and altered perception of pain. It is further 

hypothesized that the maintained submaximal power output may have been related to increased oxygen 

perfusion across the brain following the ingestion of ibuprofen, however, further research is essential 

to confirm this finding.  

7.3 The Effect of Knowledge 

The methodology utilised in studies one, two and three have instilled a variety of manipulation 

techniques to provide, withhold, or deceive knowledge of remaining duration during self-paced 

exercise. Collectively, these studies have shown that knowledge of remaining duration will improve 

self-paced performance, while no-knowledge about remaining duration, or unexpected change in 

exercise duration, will be detrimental to exercise performance outcomes. While the finding that 

knowledge of remaining duration will improve self-paced performance is not a new finding per se 

(Albertus et al., 2005; Billaut et al., 2011; Eston, Stansfield, et al., 2012), the inclusion of neural activity 

to highlight the role of the CNS in the regulation of exercise intensity is novel. The most pertinent 

finding supporting contributions from central mechanisms in the regulation of exercise performance 

appears to be the role of the prefrontal cortex in interpreting afferent stimuli, including knowledge of 

remaining duration and physiological state, to adjust the pacing strategy and RPE accordingly.  

 

Neural Regulation of Pacing strategies  

It is thought that self-paced exercise is regulated in an adaptive, feed-forward manner, so that the 

teleoanticipatory action of the CNS can elicit a pacing strategy for an exercise bout, and interpret 
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afferent feedback to adjust exercise intensity (Noakes, 2011; St Clair Gibson et al., 2006; Ulmer, 1996). 

During self-paced exercise, certainty of the exercise endpoint will enhance performance, as adaptive 

feed-forward efferent control can be moderated to ensure completion of the exercise bout without early 

termination or physiological catastrophe (Lambert et al., 2005; Tucker & Noakes, 2009). Comparisons 

between the studies in this thesis suggest that not only is knowledge of remaining duration important, 

but also, the anticipation of knowledge, is important for the regulation of motor drive, and execution of 

an end-spurt for optimising metabolic resource distribution and pacing (Roelands et al., 2013).  

 

The pacing strategies adopted when duration was unknown (study one), demonstrated that lower power 

output and EMG activity coincided with lower deoxygenation and haemoglobin index, for no 

differences in heart rate and RPE. Further, when exercise duration exceeded expectations (study two), 

and when exercising with substantial physiological strain, and no information about remaining duration 

was provided (study three), there was a decline in power output, which also coincided with a reduction 

in oxygenation across the PFC. Collectively these studies have reported that declining exercise 

intensities are consistent with declining neural activity across the PFC as evidenced by reduced cerebral 

oxygenation. A reduction in cerebral oxygenation has been reported during incremental exercise 

immediately prior to exhaustion (Rupp & Perrey, 2008), particularly at exercise intensities exceeding 

the respiratory compensatory point above 80 % VO2max (Robertson & Marino, 2016). Furthermore, it 

has been proposed that the decline in cerebral oxygenation may be responsible for the decline in neural 

drive to the active muscle (Bourdillon & Perrey, 2012; Nielsen, Boushel, Madsen, & Secher, 1999; 

Subudhi et al., 2007). Therefore, it seems that the decline in oxygenation across the PFC may be related 

to the alteration in pacing strategies when remaining duration is unknown, or is manipulated throughout 

an exercise trial. Furthermore, reduced neural activity across the PFC may be indicative of reduced 

arousal during strenuous exercise, thus may explain the decline in EMG activity and reduced 

performance. These findings confirm that the omission and deception of the exercise endpoint will lead 

to ineffective distribution of metabolic and peripheral resources and may be indicative of a subconscious 



Chapter 7- General Discussion  

215 
 

energy conservation strategy utilised by athletes (Williams et al., 2014) and support current evidence 

about the role of the brain in the continuous regulation of pacing strategies.  

 

Alternatively, when exercise endpoint, and knowledge of fluid allocation was accurate and known, there 

was an increase in neural activity across the prefrontal cortex, which further coincided with increases 

in activity across the parietal lobe and motor cortex during the end-spurt. It is debatable that there is 

integration of afferent sensory feedback, including knowledge of remaining duration, which may take 

place within the insular and prefrontal cortices, may also be related to facilitation of the motor cortex 

(Hilty et al., 2011; Tanaka & Watanabe, 2012). Specifically, study one clearly demonstrates that during 

the end-spurt, power output (66 W) and motor cortex EEG activity (6.89 %) increased, while there was 

also a greater rate of perfusion evidenced by higher deoxyhaemoglobin (1.5 mmol/L) and tissue 

haemoglobin index (0.2 a.u.) and greater EMG activity across biceps femoris and vastus lateralis (7 and 

9 %, respectively) compared to the unknown trial. Moreover, study three demonstrates higher power 

output (20 W) and EEG activity across the motor cortex (9 %) and parietal lobe (5 %), and higher 

oxyhaemoglobin concentration (2.0 mmol/L) and EMG activity for rectus femoris (2.2 %) and vastus 

lateralis (6.6 %) compared to the no-information trial following the provision of fluid. Comparatively, 

these studies show that oxygen perfusion across the PFC was associated with the exercise end-spurt and 

greater EMG activity at the working skeletal muscle. The prefrontal cortex is suggested to be involved 

in the interpretation of afferent feedback (Billaut et al., 2010), and is therefore associated with decision 

making and regulating pacing strategies during physical activity (Krawczyk, 2002). The increased 

activity across this region of the brain and the motor cortex during the end-spurt may indicate that 

oxygenation across the PFC may be tightly regulated in anticipation of the exercise endpoint, where the 

motor cortex may be facilitated by top-down processing from within the prefrontal region in response 

to somatosensory input (St Clair Gibson & Noakes, 2004) and remaining duration.  

 



Chapter 7- General Discussion  

216 
 

Knowledge of remaining duration is important for optimising pacing strategies and the efficient 

regulation and distribution of metabolic resources for the entirety of an exercise protocol (Roelands et 

al., 2013), as it is known that fluctuations in exercise intensity are structured in an adaptive and 

anticipatory manner around the exercise endpoint (Swart, Lamberts, Lambert, St Clair Gibson, et al., 

2009; Tucker & Noakes, 2009). It appears that during this time, the PFC may play a role in altering the 

plan of movement behaviour and facilitate activity within the motor cortex for a successive change in 

neural drive, and therefore, alter work rate to completion when exercise endpoint is known. Studies one, 

two and three provide support for the central regulation of exercise performance as it appears that 

fluctuations in power output may occur in an anticipatory manner in preparation for the end-spurt. 

   

Perceived Exertion  

The complex integration of physiological systems suggests that an initial RPE template may be devised 

prior to an exercise bout, based on expectations, previous experience, and provision of information 

during the exercise bout, and then moderated throughout based on afferent feedback and remaining 

duration (Mauger et al., 2009; Swart et al., 2012; Tucker & Noakes, 2009). It is suggested that the 

preconceived template and subsequent manipulation in response to feedback are both a conscious and 

subconscious process, with discrepancies between the plan and outcome verbalised as RPE (St Clair 

Gibson et al., 2006; Swart et al., 2009). The methods used throughout this thesis to manipulate 

knowledge and exercise expectations support current literature which suggests that while RPE is formed 

in an anticipatory manner, the change in RPE during exercise may also be mediated in response to 

knowledge of exercise expectations (Abbiss et al., 2015; de Koning et al., 2011; Tucker, 2009).  

 

The current studies have demonstrated that during self-paced exercise, when exercise endpoint was not 

known, RPE was similar for a lower workload and similar physiological responses. Specifically, when 

no information about remaining duration was provided (study one and three), RPE was not different 

between conditions for a lower power output, and when no differences in power output were reported 
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(study two), there was a higher RPE when exercise duration was longer than expected. Further, when 

remaining duration was revealed (study three), RPE gradually increased up to a peak upon completion 

of the exercise task following the anticipation and provision of fluid.  

 

During self-paced exercise, RPE is suggested to be regulated by afferent feedback and anticipation and 

knowledge of the exercise endpoint (Swart et al., 2012; Tucker, 2009). Based on previous findings, it 

is suggested that RPE may rise in a linear fashion and is an indication of the percentage workload 

remaining, where a maximum value may be reported at termination of a maximum effort (Tucker & 

Noakes, 2009). Furthermore, the change in RPE and the ‘peak’ upon completion may also be related to 

the increased motor command upon completion of a strenuous exercise trial (Marcora, 2008). Literature 

suggests that the feed-forward and RPE may be related to familiarity with the exercise protocol and 

knowledge of the exercise endpoint. Specifically, certainty of the exercise endpoint has been associated 

with a more aggressive RPE strategy, for example, Swart, Lamberts, Lambert, Lambert, et al., (2009) 

demonstrated that when exercise trial durations were longer (40 and 100 km), RPE was lower compared 

to a shorter exercise trials (5 and 10 km) for the first half of the trial. However, during the final 20 % of 

the trials, RPE was similar for both the longer and shorter duration. The authors suggested that in 

anticipation of the longer exercise trial, a ‘conservative RPE strategy’ was applied to maintain metabolic 

reserve, and when certainty of the exercise trial endpoint increased, a more aggressive RPE strategy, 

with minimal metabolic reserve, was utilised. Further, it has also been suggested that mental fatigue 

will impair endurance performance and RPE (Marcora, 2008; Martin, Thompson, Keegan, Ball, & 

Rattray, 2015). Specifically, it is suggested that the intensity and duration of a strenuous exercise 

protocol may impede on the cognitive processes involved in executing optimal pacing  as it has been 

reported that during strenuous exercise, higher RPE coincided lower self-selected work rate when 

mental fatigue may be evident, particularly when no visual feedback was provided (Pageaux, Marcora, 

Rozand, & Lepers, 2015). Therefore, based on the current findings, the higher RPE for a lower exercise 

intensity may suggest some metabolic reserve capacity (Taylor & Smith, 2017; Thomas et al., 2015) 

and possible mental fatigue (Pageaux, 2015), due to lack of knowledge of the exercise endpoint. It 
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appears that higher RPE may ensue to elicit a behavioural change (i.e. down-regulation in work output) 

in anticipation of the unknown circumstances which may affect the athletes capacity to sustain the 

predetermined work rate (Swart et al., 2009).  

 

Collectively, the studies in this thesis support the notion that ratings of perceived exertion may be 

regulated by a predetermined subconscious template of effort (Tucker & Noakes, 2009). This may be 

evidenced as when the exercise duration did not match the expectations, perceived exertion was elevated 

and exercise intensity was reduced (Swart et al., 2012). Furthermore, when knowledge of exercise 

endpoint was provided and accurate, RPE gradually increased to a peak upon completion (study two 

and three), corresponding with the proposed sense of effort (Swart et al., 2012), where exercise may be 

regulated within the constraints of RPE and whole body homeostasis.  

7.4 The Effect of Physiology   

Manipulation of physiological state in studies three and four may have altered afferent feedback via 

afferents III and IV, where the efferent feedforward command, thus power output, may have been 

altered accordingly. Specifically, study three (Chapter Five) manipulated physiological state by 

dehydrating participants up to 2 % body mass, where fluids were then permitted or restricted during 

self-paced exercise, while the study in Chapter Six manipulated physiological state by the ingestion of 

a NSAID (ibuprofen). It appears that efferent drive and power output during the self-paced efforts may 

have been adjusted to account for the deviation from homeostasis in a deteriorating or altered 

physiological state. Collectively these studies provide new evidence for the neural regulation of pacing 

strategies during endurance performance in altered physiological states.  
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Neural Regulation of Pacing strategies 

It is known that the regulation of endurance performance may be compromised if physiological strain 

is experienced prior to or during exercise (Adams et al., 2018; Cullen et al., 2016; Sawka & Noakes, 

2007; Schmit et al., 2016). Information about physiological state is provided to the CNS by way of 

somatosensory afferent feedback where adjustments to efferent command are applied accordingly 

(Amann, 2011; Lambert et al., 2005). The studies in this thesis support this model as it appears that in 

a weakened physiological state, i.e. dehydration without fluid replacement (study three), or heightened 

physiological state i.e. following ingestion of ibuprofen (study four), exercise intensity and central 

motor drive (EMG) was altered to compensate for the alterations in the physiological state. Interestingly 

however, these changes in exercise intensity were not always reflected by differences in RPE.  

 

Study three demonstrated that in a dehydrated state, pacing strategies may have been altered by the 

consumption of fluid and sensations of thirst in addition to knowledge of the exercise end-point. 

Specifically, when information about the pending fluid allocation was provided, it appears that the 

anticipation of receiving fluid did not alter power output from 15 – 30 min (- 9 ± 5 W), however, power 

output did increase following the allocation of fluid (+ 15 ± 9 W). Whereas when information was 

provided that no fluid would be allotted for the remainder of the TT, power output was similarly 

maintained until 30 min (- 8 ± 1 W), though when no fluid was provided at 30 min, power output then 

declined to completion (- 6 ± 3 W). There was also greater EMG activity across the vastus lateralis and 

rectus femoris muscles once the fluids had been provided, which suggests neural drive was increased 

to support the execution of the end-spurt. It appears that the availability of fluid, and possibly more 

importantly, alleviation of the thirst sensations, were sufficient to alter neural drive, and thus the pacing 

strategy in a dehydrated state. It has been reported that drinking to thirst may improve endurance 

performance capacity by 5.2 %, compared to consuming no fluid during exercise in the heat (Goulet, 

2011). It has also been reported that in a dehydrated state, the rate of rise in core temperature, and thus 

physiological perturbations, may be countered by adequate fluid consumption (Montain & Coyle, 
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1992). The findings from study three show that for the 15 W increase in power output with the allocation 

of fluid, core temperature increased by 0.28 °C (1.12 °C.h-1) from 30 – 45 min, while for a 6 W 

decrement in power output when no fluid was provided, core temperature increased by 0.42 °C (1.68 

°C.h-1) from 30 – 45 min. These findings suggest that the mere availability of fluid was enough to reduce 

thermal sensations and rating of thirst induced by dehydration and exercise in the hot environment, 

which in turn allowed for increased power output. However, it is also acknowledged that the increase 

in power output following consumption of fluid may have also been related to knowledge of remaining 

duration. Nonetheless, during self-paced exercise in a dehydrated state, it may be the case that when 

fluid is provided, internal calculations may be reoriented to successfully complete the exercise bout, as 

the deficit in hydration status could be stabilised for the remainder of the trial.  

 

This study has demonstrated that similar to the change in activity across the prefrontal cortex when 

knowledge of exercise duration was manipulated, the prefrontal cortex also appears to be involved in 

altering exercise intensity when physiological state is impaired. Specifically, knowledge and 

anticipation of fluid consumption in a dehydrated state increased the rate of deoxygenation and 

increased alpha activity across the PFC upon completion. Further, the gradual increase in activity across 

the PFC following the allocation of fluid was consistent with an increase in alpha wave activity across 

the parietal lobe and motor cortex. Alpha wave activity is associated with mental readiness and 

attentional capacity, where increased alpha activity across the prefrontal cortex may be related to altered 

behavioural actions (Fuster, 2001; Thompson et al., 2008). Specifically, a decrease in α activity across 

central and frontal regions of the brain may negatively impact on the capacity to remain focused during 

self-paced exercise in the heat (Périard et al., 2018). Therefore, the lower α activity for the no-fluid 

condition may suggest that attentional capacity and focus was declining without the availability of 

fluids, thus altering behavioural actions, including a decline in power output. Alternatively, the 

anticipation and allocation of fluids increased alpha wave activity, thus improved attentional capacity 

and increased power output, which may have been further influenced by an increase in the heat storage 

capacity for the fluid condition in anticipation of fluid availability.  
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When physiological perturbations to exercise were dampened by ibuprofen (Chapter Six), pacing 

strategies and neural drive were altered according to the lack of an inflammatory response and the 

intermittent sprint efforts, as submaximal power output was sustained prior to each sprint compared no 

NSAID (4 – 14 W difference). Notably, the higher power output for the NSAID condition was also 

supported by an increase in EMG activity at the hamstrings. Previous evidence has shown that NSAIDS 

different to ibuprofen may impede on the ascending projection of nociceptor afferents III and IV, which 

will reduce hyperalgesia at the muscle, and thus may increase neural drive (Blain et al., 2016). However, 

this evidence has not been supported following the ingestion of ibuprofen (Morgan et al., 2018), nor 

have intermittent performances been assessed following the ingestion of NSAIDs. From the evidence 

obtained in study four, it appears that a reduction pain and increased neural drive to the active muscle, 

including the hamstrings, permitted sustained power output immediately prior to the intermittent sprint 

efforts. However, without NSAIDs, and following initiation of the inflammatory response to strenuous 

exercise, neural drive and power output were reduced in anticipation of achieving a maximal sprint, 

where the submaximal efforts were sacrificed in order recruit the maximum amount of motor units 

during the sprints.  Furthermore, without the NSAID, there appeared to be a lower rate of oxygen 

perfusion across the prefrontal cortex evidenced by lower deoxyhaemoglobin (~ 1.6 mmol/L) and 

higher tissue haemoglobin index (~ 0.1 a.u). The difference in the rate of deoxygenation may be due to 

the apparent capacity of NSAIDS to alter cerebrovascular coupling across the blood-brain barrier 

(Bannwarth et al., 1995; Koh et al., 2015). However, there is no supporting evidence to suggest that 

ibuprofen ingestion may alter cerebral oxygenation and oxygen perfusion during self-paced exercise. 

However, based on these findings it may be likely that the CNS, and specifically, the PFC, may have 

detected the increase in oxygen availability across the brain (Querido & Sheel, 2007), and increased 

neural drive to the active skeletal muscle and contributed to the sub-maximal cycling power output.  

 

The combined findings of studies three and four support previous evidence which suggests altered 

physiological state may have a negative impact exercise performance. These studies provide new 

evidence to suggest that the regulation of pacing strategies may be governed by the CNS, including 
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areas within the prefrontal and motor cortices. It appears that these regions of the brain, which entail 

part of the CEN, may be in communication about remaining duration, exercise expectations (i.e. 

upcoming sprints) and physiological state, to drive efferent command in an anticipatory manner. This 

is evidenced by the increase in neural drive and modified pacing strategies following the provision of 

fluid while differences in physiological strain (heart rate and core temperature), were not apparent. 

Furthermore, improved physiological status, increased EMG activity and higher power output 

immediately prior to the maximal sprints, did not translate to increased peak power output, or greater 

overall distance covered throughout the 60 min trial. Collectively, these findings suggest that 

performance and changes in power output may have been governed by the CNS, where interpretation 

of physiological state may mediate the increase in exercise intensity in anticipation of the sprint to the 

finish end-spurt, or in anticipation of intermittent sprint efforts. However, the precise mechanisms that 

may contribute to a change in pace during self-paced exercise following consumption of fluid in a 

dehydrated state remain unclear.  

 

Perceived Exertion  

The manipulation of physiology (studies three and four) have shown that perceived exertion did not 

appear to be affected by a change in physiology, however, higher perceived exertion appeared to elicit 

a behavioural change, i.e. pacing strategies in the latter parts of an exercise protocol. The findings in 

study three demonstrate that during exercise following impairment of physiological state (i.e. 

dehydration) there was no difference in RPE between the informed no-fluid and informed-fluid 

conditions in spite of a difference in power output between conditions. Likewise, when physiological 

state was heightened following ingestion of ibuprofen (study four) there was no difference between 

NSAID and control (placebo) conditions for RPE in spite of differences in power output and EMG 

activity. Combined, these studies reported that during the self-paced exercise without ergogenic aids 

(i.e. water when dehydrated and ibuprofen), higher RPE was associated with reduced power output.  
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It is suggested that an increase in RPE may be related to a change in exercise intensity (Swart et al., 

2012), where altered pacing behaviour (i.e. reduced exercise intensity) may ensue as a consequence of 

a higher RPE. According to the findings in the current thesis (studies three and four), it appears that 

exercise intensity was regulated to remain within a tolerable RPE. Specifically, irrespective of the 

physiological state, RPE was not different, however, exercise intensity was reduced to compensate for 

exacerbated physiological strain, i.e. dehydration without fluids, and acute inflammation. However, 

when physiological state was heightened, i.e. fluid replacement (study three) and NSAID ingestion 

(study four) upon the moment of completion, there was a higher RPE compared to exercise trials with 

impaired physiological state. While RPE is suggested to rise in a linear-like fashion, with a peak 

typically coinciding with the endpoint, and may be mediated by physiological strain, the current 

findings demonstrate that the rate of progression in RPE will determine exercise behaviour, and may be 

mediated by perturbations to physiological state. This finding aligns with that of studies one and two as 

it appears certainty of the exercise endpoint, and knowledge of physiological state, may increase the 

exercise intensity for the same rate of progression in RPE. This may be a process mediated within the 

CNS to ensure optimal pacing strategies, and maintenance of homeostasis can be achieved. As such, 

the integration of sensory feedback and the relationship between exercise intensity and RPE within the 

CNS, and specifically within areas of the CEN, ACC and sensory motor cortices that are associated 

with sensory processing and communication (Abbiss et al., 2015; St Clair Gibson et al., 2003), remains 

unclear. Perceived exertion has been associated with corollary discharge and efferent copies arising 

from the motor cortex, and additional centres upstream from the MC (de Morree, Klein, & Marcora, 

2012). However, based on the findings in the current thesis, lower exercise intensity did not translate to 

a reduced RPE. It appears that the CNS may have integrated the perturbations to physiological 

homeostasis and an increase in RPE may have contributed to a down-regulation in exercise intensity. 

As such, RPE during self-paced exercise may be a top-down cognitive process where sensory 

information may be integrated within the higher brain networks, and relayed to the motor cortex to elicit 

the behavioural change (Johnson & Zatorre, 2006; St Clair Gibson et al., 2003). These findings suggest 

that the change in RPE may be a crucial factor in the continuous regulation of pacing strategies as higher 

RPE may facilitate lower exercise intensities, irrespective of the physiological state. 
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7.5 The Effect of Deception, Dehydration and Inflammation on Pacing Strategies, Perceptual 

Responses and Neural Activity 

The studies in this thesis have examined the effects of manipulating knowledge of the exercise 

expectations, distance perception, hydration status and the inflammatory response on pacing, 

perceptual, physiological and neurophysiological responses. Collectively these studies have supported 

current literature which suggests that exercise may be regulated by the brain in an anticipatory manner 

to offset physiological catastrophe (Noakes, 2011; St Clair Gibson et al., 2006; Swart, Lamberts, 

Lambert, St Clair Gibson, et al., 2009; Tucker, 2009; Tucker & Noakes, 2009; Ulmer, 1996; Williams 

et al., 2015). Specifically, studies one, two and three have shown that athletes may ‘plan’ their pacing 

strategy and the distribution of work based on the provision of information (i.e. remaining duration) 

and the exercise endpoint, however, if such information is withheld, a more conservative, or ‘careful’ 

approach to work output (i.e. lower power output) and lower RPE strategy is applied. While a 

relationship between the two cannot be verified, there was an increase in EEG activity from across the 

motor cortex (studies two and three) and increased deoxygenation (HHb) across the PFC (studies one 

and three) which did appear to coincide with the sprint to the finish end-spurt when exercise endpoint 

was known and was accurate. Furthermore, despite receiving accurate distance information (studies one 

and three), there was lower power output if information about remaining duration was withheld, which 

coincided with lower EEG activity across the MC and deoxygenation across the PFC compared to trials 

where performance information was provided. Alternatively, when physiological state was altered and 

manipulated (studies three and four), there was lower power output in spite of no difference in heart 

rate or RPE between conditions where no intervention was applied (i.e. no fluid and no ibuprofen) 

compared to trials where an intervention was applied (i.e. fluid allocation and ibuprofen). However, 

there appears to be no similarities between these studies and a change in tissue oxygenation 

concentration across the PFC when an intervention was applied, and EEG was not collection during the 

NSAID study to draw conclusions on activity across the MC following manipulation of physiological 

state. Nonetheless, all studies in this thesis have shown that knowledge of remaining duration (studies 

one and three), accurate pre-exercise distance expectations (study two), and manipulating physiological 
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state (studies three and four) were associated with higher power outputs and EMG activity compared to 

inaccurate or no knowledge of remaining duration and no physiological intervention. Further, there was 

higher RPE when no information was provided, or if feedback was inaccurate (studies one, two and 

three) for no difference in heart rate; However, RPE was not different with perturbations to 

physiological state (studies three and four) in spite of a difference in power output.  

 

Based on the ‘top-down’ approach to understand how the brain may govern changes in exercise intensity 

(Robertson & Marino, 2015), these findings suggest that the PFC may be involved in interpreting 

afferent feedback. These findings also support previous evidence which suggests the CNS may play a 

role in decision-making in regards to work distribution based on remaining duration and metabolic 

(physiological) state (Billaut et al, 2010; Tanaka & Watanabe, 2012).  Further, these studies have shown 

that RPE may also play a critical role in contributing to the regulation of exercise intensity as RPE 

appears to be a manifestation of physiological strain, remaining duration, and knowledge of remaining 

duration. The change in RPE during exercise may also be governed by the decision-making process 

within the PFC (Hilty et al., 2011; St Clair Gibson & Noakes, 2004), and high RPE may contribute to 

a reduction in PO during self-paced efforts, particularly if exercise endpoint is not known.  

7.6 Conclusions  

In conclusion, the findings presented in this thesis demonstrate and support the central regulation of 

self-paced endurance exercise. Combined, these studies have shown that exercise intensity is heavily 

regulated when exercise expectations or physiological state have been manipulated. These studies have 

further elucidated the role of the prefrontal cortex in developing and executing adjustments to pacing 

strategies and perceived exertion. Importantly, perceived exertion appears to be in response to a 

combination of afferent feedback and remaining duration, as it appears that when exercise expectations 

are unknown, RPE will be higher to accommodate for the unknown circumstances. Alternatively, when 

physiological state is impaired, higher RPE may occur to elicit behavioural response and contribute to 

the down-regulation in power output. In support of literature which has eluded to the role of the CNS 
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in the regulation of self-paced exercise, the data reported in this thesis have further contributed to these 

findings by examining neurophysiological responses following the manipulation of knowledge and 

physiology. Specifically, the studies in this thesis have shown that i) exercise intensity is regulated by 

knowledge of the exercise endpoint, ii) RPE will be higher for the same work output if the exercise 

endpoint is not known, iii) RPE may be mediated by afferent feedback and in anticipation of remaining 

duration, iv) higher RPE during self-paced exercise with amplified physiological strain may contribute 

to the down-regulation in neural drive and power output, and v) the prefrontal cortex and other areas of 

the brain may be involved in interpretation of afferent feedback and communication with the motor 

cortex about movement behaviour. As such, adjustments to self-paced exercise intensity and rating of 

perceived exertion are centrally mediated, and may be moderated and enhanced by knowledge of 

exercise endpoint and improved physiological state.  
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8.1 Overview  

The main purpose of this thesis was to examine the manipulation of exercise expectations and/ or 

physiological state on pacing strategies during various self-paced exercise protocols. In addition, this 

thesis examined the mechanisms responsible for a change in exercise intensity including changes to 

neural, physiological and perceptual responses. The outcomes of the research aims addressed in chapter 

one are summarised as follows:  

8.2 Research Aims- Study One:  

1. The aim of this study was to examine changes in neural activity as determined by PFC haemoglobin 

concentrations and neural drive to the skeletal muscle while remaining time trial duration is 

withheld 

The findings reported in Chapter Three (study one) highlight the importance of knowledge about the 

exercise endpoint and the CNS in the regulation of exercise intensity. This study showed that when 

remaining duration was provided, there was greater activity across the PFC as evidenced by higher 

deoxyhaemoglobin and normalised tissue haemoglobin index, indicating greater rate of perfusion. 

Furthermore, there was also greater α activity across the parietal lobe for the known trial. These findings 

indicate that the parietal lobe and prefrontal cortex may be involved in the interpretation of afferent 

feedback and feeding information into the motor cortex for a successive change in motor command to 

achieve optimal performance and regulation of pacing strategies and execution of an end-spurt.  

 

2. A secondary aim of this study was to compare pacing strategies, physiological and perceptual 

responses while withholding duration feedback during successive 30 km cycling time trials.  

When remaining duration was withheld, athletes demonstrated more of a conservative, even pacing 

profile for the duration of the 30 km trial. In spite of significantly lower PO for the unknown condition, 

there was no differences between conditions for RPE and HR until the end-spurt. During the end-spurt, 
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the known condition increased exercise intensity, and thus, heart rate. These findings suggest that when 

participants were able to anticipate the exercise endpoint, they were able to successfully prepare for, 

and execute an end-spurt in power output; however, to compensate for the unknown duration, the down-

regulation in power output, and higher RPE, may be an attempt to preserve physiological and metabolic 

resources in anticipation of the unknown duration. As such, pacing strategies and motor command were 

regulated upon the outset of the exercise trial to the point of completion, irrespective of knowledge of 

exercise endpoint.  

8.3 Research Aims- Study Two:  

1. The primary aim of the current study was to examine the manipulation of cycling distance, without 

the participant’s knowledge, on changes to cerebral haemoglobin concentrations and 

electroencephalogram (EEG) activity.  

Study two demonstrated that when exercise duration was longer than expected, there was a reduction 

in oxy and deoxyhaemoglobin across the prefrontal cortex coinciding with a reduction in power output. 

However, these changes in exercise intensity and PFC activity were not reflected by a change in alpha 

activity across the motor cortex. Accordingly, this finding suggest that the prefrontal cortex may have 

influenced exercise intensity when the subconscious or conscious detection of a discrepancy between 

the expected exercise duration and the true exercise duration occurred. This study reported that as the 

change in PFC activity coincided with a down-regulation in exercise intensity, it may implicate that the 

CNS contributed to the regulation of motor command, and may have down-regulated exercise intensity 

to preserve metabolic resources and to account for the deceived circumstances.  

 

2. The secondary aim of this study was to determine if unknown changes in cycling distance may alter 

pacing strategies, muscle activation and perceived exertion. 

Study two (Chapter Four) emphasises the role of previous experience in developing a template of effort 

and regulating exercise intensity and RPE when duration is manipulated. Furthermore, this study 
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supports the subconscious regulation of exercise intensity, particularly when circumstances are 

unknown. Specifically, following deception of the exercise duration, participants appeared to regulate 

the pacing strategy on previous experience. This study reported that when duration was unexpectedly 

extended, there was higher RPE for a similar power output and heart rate. However, when the exercise 

expectations were accurate, participants regulated exercise intensity in preparation for the end-spurt in 

power output. However, these changes in exercise intensity were not supported by changes to EMG 

activity. This study suggests that to account for the deception in exercise duration, participants may 

subconsciously alter the exercise template as there was a mutual reduction in physiological responses 

and power output once exercise expectation had been attained.  

8.4 Research Aims- Study Three: 

1. The primary aim of this study was to examine fluid ingestion and the knowledge of fluid allocation 

in a dehydrated state on pacing strategies, thermal sensations, RPE and thirst during self-paced 

exercise.  

The findings reported in study three (Chapter Five) demonstrate that alleviating the sensation of thirst, 

irrespective of fluid volume and physiological changes, appears to play a role in the regulation of 

exercise intensity during self-paced exercise in a dehydrated state. Specifically, study four showed that 

PO, thirst sensations, thermal strain and RPE were higher when information about receiving fluids was 

allotted, and anticipation of the fluid allocation and exercise endpoint could occur. Furthermore, once 

the fluids had been provided, the anticipation of fluid also appeared to increase the heat storage capacity, 

evidenced by faster rate of rise in Tc, and higher exercise intensity to completion, compared to the no-

anticipation of fluid condition. However, when no fluid was provided, there was lower PO reported for 

a greater rate of rise in Tc. This finding suggests that once deviation from fluid balance homeostasis 

could be controlled for the remainder of the trial, heat storage capacity increased, allowing for the end-

spurt in PO to occur, alternatively, without the anticipation of fluid in a dehydrated state, a behavioural 

change may have elicited the down-regulation in PO to reduce further physiological strain. Furthermore, 
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this study also highlights the importance of knowledge and the anticipation of the exercise endpoint in 

the regulation of pacing strategies.    

 

2. The second aim of this study was to examine neurophysiological and neuromuscular responses 

following dehydration and exercise in the heat with and without fluid replacement. 

This study reported that without anticipation of fluid and exercise endpoint, the prefrontal cortex may 

play a role in processing physiological and perceptual perturbations, and alter the pacing accordingly. 

Specifically, without the anticipation of receiving fluids, and therefore without anticipation of 

remaining duration, there was higher EEG activity across the prefrontal cortex for a lower power output. 

This finding suggests that the PFC contributes to the interpretation of sensory feedback and may mediate 

the decline in power output during exercise in a dehydrated state when no information about remaining 

duration or fluid allocation is provided. However, when fluid allocation was anticipated and when fluid 

was provided, EEG activity across the prefrontal and motor cortices and parietal lobe increased 

coinciding with an increase in power output, though this did not translate to increased EMG activity, 

nor was there a difference in contractile properties during the post-exercise MVC protocol. The findings 

in study three suggest that the prefrontal cortex, and thus, the central executive network, may play a 

role in regulating exercise intensity immediately upon consumption of fluid in a dehydrated state, and 

without changes in physiology. This study demonstrated that when participants were able to anticipate 

fluid allocation, they were able to successfully execute an end-spurt in power output which was 

facilitated by an increase in activity across the motor cortex, and thus neural drive to the active muscle.  
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8.5 Research Aims- Study Four:  

1. The primary aim of this study was to examine ibuprofen ingestion on pacing strategies, 

electromyography and prefrontal cortex oxy and deoxy-haemoglobin concentrations during a 60 

min self-paced intermittent cycling protocol;  

Exercise intensity throughout the intermittent cycling trial in Chapter Six appeared to be regulated in 

anticipation of the maximal effort sprints. In an altered physiological state, following ingestion of 

ibuprofen, submaximal power output were maintained immediately prior to each maximal sprint, and 

was supported by an increase in EMG activity. However, peak power output and EMG activity during 

the maximal sprints was not different compared to PLA. This finding suggests that blunting the acute 

inflammatory response to exercise may have contributed to the sustained submaximal power output 

leading up to each sprint. Furthermore, this also study showed that following ingestion of ibuprofen, 

there was a higher rate of oxygen perfusion at the prefrontal cortex, which may have also been related 

to the sustained power output during the penultimate minutes. The findings from this study suggest that 

cerebral blood flow was enhanced following ingestion of ibuprofen as the permeability of the blood-

brain barrier may have been altered. However, there was no difference between conditions for overall 

distance covered during the 60 min time trial. Further, the maintained submaximal cycling efforts and 

greater oxygen desaturation for the NSAID did not appear to affect RPE as no differences between 

conditions was evident.  

 

2. The secondary aim of this study is to examine pressure pain threshold (PPT) and neuromuscular 

responses pre, post and 6 hr post intermittent cycling following ingestion of ibuprofen.  

The findings in study four (Chapter Six) demonstrated a greater pain threshold for the ibuprofen 

condition was evident following the cycling trial. It is suggested that the maintained submaximal 

cycling efforts during the penultimate minutes may have been attributed to the reduced pain sensation 

following ingestion of ibuprofen. However, in spite of the difference in submaximal power output and 

EMG between the NSAID and PLA conditions, there was no difference in Pt and CAR at pre, post and 
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6 h post the intermittent cycling trial. Further, shorter CD for the PLA condition compared to the NSAID 

condition post exercise may suggest greater peripheral fatigue was present following the intermittent 

protocol. Accordingly, while NSAIDs may improve pain threshold and neural drive to the active 

muscle, this will not translate to reduced peripheral fatigue, nor will higher EMG activity translate into 

substantial benefits in overall exercise performance.   

8.6 Summary and Conclusions 

The studies in this thesis have successfully manipulated exercise expectations and physiology to 

demonstrate that the CNS contributes to the continuous regulation of self-paced endurance exercise. 

Based on the results presented in the studies one, two, three and four, it is suggested that the prefrontal 

cortex may contribute to the integration of physiological systems and sensory feedback, and adapt 

efferent command in an anticipatory manner according to the exercise endpoint. Specifically, it appears 

that the prefrontal cortex may guide decision making about movement behaviour utilising a top-down 

process to facilitate a change in neural drive from the motor cortex. These studies have shown that when 

knowledge of exercise endpoint is known, there is an increase in neural activity across the prefrontal 

cortex, which precedes an alteration to the pacing strategy, including execution of an end-spurt. This 

finding highlights the role of the CNS in processing afferent feedback and adapting efferent feedforward 

command. Further, these studies have reported that RPE is mediated by a change in physiological state 

to regulate exercise intensity within homeostatic constraints. Specifically, these studies have shown that 

when deceived of exercise expectations or when physiological state has been altered, RPE was not 

different in spite of substantial differences in work output. Furthermore, changes in RPE corresponded 

with altering neural activity across the PFC. Therefore, while the prefrontal cortex may guide movement 

behaviour by communicating with the motor cortex, it may also be likely the PFC, and other areas of 

the central executive network, contribute to the RPE when discrepancy between perceived demands of 

the exercise bout and the actual demands of the exercise bout occurs. The studies in this thesis have 

shown that when exercise endpoint was manipulated or unknown, or when increased physiological 
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strain was apparent, pacing strategies were moderated according to RPE to ensue homeostatic 

equilibrium. 

8.7 Practical Applications 

 Findings from studies one, two and four indicate that knowledge regarding exercise 

expectations and exercise endpoint will be beneficial to achieve an optimal pacing strategy, 

including regulation of metabolic resources in anticipation of the sprint to the finish end-spurt; 

 In relation to the findings from studies one and two, knowledge of exercise endpoint and 

accurate pre-exercise expectations are important for decision making and during self-paced 

exercise. However knowledge of physiological state does not appear to impede on the decision 

making process; 

 During endurance exercise in the heat with dehydration, athletes will benefit from knowledge 

of remaining duration and any pending fluid intake (i.e. water stations). Further, water should 

be consumed ad libitum, as opposed to consumption of fluid to match water losses, as ratings 

of thirst were significantly lower when water allocation was anticipated and consumed;  

 In relation to the findings from study four, ingestion of ibuprofen may be able to improve short-

term, high intensity exercise, including intermittent sprint efforts, by reducing perception of 

pain at the muscle during exercise, and improved physiological state. Further, the physiological 

mechanism of action following consumption of ibuprofen may alter the functionality of the 

blood-brain barrier, and thus improve the rate of deoxygenation and possibly contribute to 

performance improvements.  

8.8 Recommendations for Future Research  

 While it is evident that pacing strategies may be set prior to an exercise task and modified 

throughout a trial depending on remaining duration and physiological responses, more evidence 
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is required to confirm that these changes may be premediated by executive resources and 

decision making within the prefrontal cortex.  

 While manipulating the knowledge of exercise endpoint and the physiological components that 

may contribute to exercise fatigue has provided some insight into the anticipatory process of 

pacing strategies, more research will be required to examine the manipulation mental fatigue 

on the central regulation of exercise performance.  

 The distribution of motor drive, as determined by EMG, appears to be regulated by the central 

nervous system to maintain homeostasis, as evidenced by the change in co-contraction 

following the ingestion of ibuprofen, and an increase in EMG activity when exercise endpoint 

was known. However, the mediation of motor drive remains unknown. To determine the neural 

pathways of communication within the CNS for successive alterations in motor drive, it will be 

imperative to assess more areas of the cerebral cortex using EEG and relate these findings to a 

change in active musculature during the pedalling action.  

 Given that there is research to suggest exercise intensity and fatigue may also be influenced by 

psychological alterations, particularly when exercise endpoint is unknown, or has been changed 

with or without the athlete’s knowledge, more evidence to support this theory.   

 Given the limitation of incorporating real life racing scenarios into a controlled laboratory based 

environment, there is an opportunity for future research examine behavioural outcomes with 

the effects of real-time competitors. Specifically, this may be achieved through the use of a 

computerised avatar or real-time on-screen competitor to examine cycling exercise intensity, 

and how this may contribute to the central regulation of exercise, including RPE and other 

neurophysiological factors.  
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PURPOSE OF THE STUDY 

The purpose of this study is to examine the effect of 30 km cycling performance on physiological responses, 

cerebral blood flow and muscular activation. 

 

 

PROCEDURES 

Overview 

Participants who wish to partake in the study will include ten moderate to well trained cyclists/ triathletes from 

the local region. Participants will complete an initial familiarisation (visit 1) session to ensure they are familiar 

with testing procedures, protocol and equipment. The familiarisation session will include a VO2max test 

(incremental test until exhaustion) on a cycle ergometer. 

Following familiarisation, participants will be required to take part in three self-paced cycling trials over 3 

separate sessions (Visit 2, 3 & 4). Each trial will include a self-paced 30 km cycling time-trial. Further, to assess 

the changes to central responses to the cycling protocol, participants will be equipped with a near-infrared 

spectrometry (NIRS) instrument to measure cerebral oxygenation (oxygen concentration of blood to the brain) 

and an electroencephalogram (EEG) to record electrical activity across the brain. Both the NIRS and EEG are 

placed on the skin of the scalp and will not cause any pain or discomfort. To measure muscular activation of the 

rectus femoris, vastus medialis and vastus lateralis (quadricep muscles) and biceps femoris (hamstring) 

electromyography (EMG) will be recorded during the trials by placing electrodes on the belly (middle) of each 

muscle, again causing no harm or discomfort. At rest and throughout the cycling trials participants will complete 

measures including urine specific gravity (USG) to determine hydration status, capillary blood for lactate (la-), 

heart rate (HR) via chest strap, and perceptual measures including rating of perceived exertion (RPE) and profile 

of mood states questionnaire (POMS).  

 

mailto:gwingfield@csu.edu.au
http://science.csu.edu.au/
mailto:gwingfield@csu.edu.au
mailto:mskein@csu.edu.au
mailto:fmarino@csu.edu.au
mailto:jcannon@csu.edu.au
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Participants will be positioned on stationary cycle ergometer (Velotron) to complete a 30 km time-trial aiming to 

complete in the shortest time possible. During the cycling protocol, while stationary on bike HR, NIRS, RPE and 

EMG will be collected to monitor physiological, neuromuscular, and perceptual responses to the exercise protocol. 

 

Exercise Protocol 

As outlined in Figure 1, you will complete a 30 km self-paced cycling protocol during each visit. Prior to the 

cycling trial commencing, participants will complete 5x maximal voluntary contractions of the right knee 

extensors followed by a 5 min self-paced cycling warm-up to limit the occurrence of any musculoskeletal injury. 

All cycling will be completed on a stationary Velotron cycle ergometer within the Human Performance 

Laboratories at CSU. During visits 1-4 (see Figure 1). At rest and throughout the cycling protocol heart rate and 

rating of perceived exertion will be obtained every 5 min during cycling trial. 

 

Figure 1: Schematic diagram of study overview.  This diagram presents the procedures for familiarisation and 

the succeeding time trials during which several measures will be recorded including; Urine Specific Gravity 

(USG), capillary blood for lactate (la-), heart rate (HR), rating of perceived exertion (RPE), profile of mood 

states (POMS), Maximal Voluntary Contractions (MVC), electroencephalogy (EEG), electromyography (EMG), 

near infra-red spectrometry (NIRS), and power output (PO). 

Measures 

 Power Output will be recorded throughout all three cycling trials. While power output will not be displayed 

during the cycling effort, the participant will be provided their power output data at the conclusion of the 

study.  

 Urine Specific Gravity (USG) will be collected as a resting measure at the beginning of each day of the 

exercise trials as a measure of hydration status. A mid-stream urine sample will be collected in a sterile jar 

within an enclosed private bathroom with lockable door.  

 Capillary blood sample (160µL) will be taken with a small single-use disposable lancet from the earlobe. 

This procedure may cause a brief feeling of discomfort however is of minimal harm. 

 Electromyography (EMG) will be used to assess muscle recruitment of four separate muscles (vastus 

medialis, rectus femoris, biceps femoris and vastus lateralis). Following skin preparation (removing dead 

skin cells and oils), EMG electrodes will be placed on the centre of the muscle belly using a two-way sticker. 

The electrode will be held in place for the duration of the testing using transpore tape that can be easily 

removed. There is no harm or discomfort associated with the use of an EMG.  

 Near-Infrared Spectrometry (NIRS) instrument will be used to examine changes in concentration of 

oxygenated and deoxygenated blood flow to the brain. This equipment will be affixed externally to the 

participants’ skull on arrival to labs on all days of exercise trials and will be recorded at rest and cycling 

performance. NIRS will be secured on the participants’ left prefrontal lobe and secured with Velcro straps.  
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 Electroencephalogy (EEG) will be used to record electrical activity across the brain. This device will be 

fixed externally to the skull with 24 electrodes placed evenly surrounding the skull and secured with Velcro 

straps. EEG will be recorded continuously during cycling trials via wireless transmitter into computer 

software. This instrument will cause no harm or discomfort during its use. 

 Heart Rate will be measured pre, post and every 5 min during cycling protocol with a chest heart rate 

monitor strap and wireless computer receiver. 

 Perceptual measures indicate how hard individual is perceived to be working at a given time point. Rating 

of Perceived Exertion (RPE) will be asked every 5 min during the cycling protocol.  Profile of Mood 

States (POMS) questionnaire will be completed upon arrival on all days of cycling trials. 

 

 

SUBJECT BENEFIT 

Participants will receive information pertaining to their cycling performance, peak sprinting power output, peak 

and mean force output during maximal contractions. Individual information will allow participants to tailor and 

develop training programs.  

MAJOR ISSUES 

 Nature of the testing protocol requires prolonged, moderate to high intensity efforts. Therefore, participants 

will be health screened via participation readiness questionnaire (PAR-Q) prior to signing consent to ensure 

they are fit to complete the study protocol. Further, if a participant becomes injured the researcher and Charles 

Sturt University will not be held accountable. 

 All participants in the study are of adequate fitness to complete the protocol and will be familiarised with 

protocol and conditions prior to testing. Further, participants will become accustom to the physical exertion 

experienced during the exercise protocol after the familiarisation session.  

 Prior consent will be gained for any visual recording of any testing session (photographs/videos etc.) from the 

subjects involved and these recordings will remain under confidential storage and only published with the 

express permission of the subject involved. If the data is published in any form, participant names and 

distinguishing features will remain confidential. 

 

 

TIME COMMITMENTS 

For this study, participants will be required to attend the CSU Human Performance Laboratories on four (4) 

occasions. A familiarisation session (Visit 1) is required to take place prior to commencing the first exercise trial 

and will take approximately 1 hour of the participants’ time. The first exercise trial will take place following 

recovery from VO2max test at familiarisation (within 5-7 days). The self-paced cycling trials (visit 2, 3 and 4) will 

take approximately one and a half (1.5) hours including resting measures and cycling protocol. Each trial will be 

separated by 5 – 7 days to minimise neuromuscular fatigue. However, if for some reason, the participant cannot 

finish all testing requirements for any reason at all, they are free to withdraw from the project at any time without 

penalty or discrimination.  

 

 

 

CONTACT DETAILS 
 

If participants have any queries throughout the testing procedures, they can contact the investigators on: 

 
PRINCIPAL INVESTIGATOR 
Miss Georgia Wingfield  
(PhD Student) 
School of Exercise Science, Sport & Health 
Charles Sturt University 
0402642684 
georgiawingfield@live.com  

 
 
 

   

mailto:georgiawingfield@live.com
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ASSOCIATE INVESTIGATORS 
Dr Melissa Skein 
School of Exercise Science, Sport & Health 
Charles Sturt University  
(02) 63384430 
mskein@csu.edu.au 

 
Professor Frank Marino  
School of Exercise Science, Sport & Health 
Charles Sturt University  
(02) 63384268 
fmarino@csu.edu.au 

 
Dr Jack Cannon 
School of Exercise Science, Sport & Health 
Charles Sturt University 
(02) 63384334 
jcannon@csu.edu.au  

 

 
 
 
 
Note: Charles Sturt University’s Ethics in Human Research Committee has approved this project. If you have any complaints or reservations 
about the ethical conduct of this project, you may contact the Committee treatment through the executive Officer: 
 
 The Executive Officer 
    Ethics in Human Research Committee 
 Academic Secretariat 
 Charles Sturt University 
 Private Mail Bag 29 
 Bathurst, NSW, 2795. 
 
 Tel: (02) 6338 4628 
 Fax: (02) 6338 4194 
 
Any issues you raise will be treated in confidence and investigated fully and you will be informed of the outcome.  

 

 

  

mailto:mskein@csu.edu.au
mailto:fmarino@csu.edu.au
mailto:jcannon@csu.edu.au
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CONSENT FORM 

The effect of endurance cycling on neurological and physiological responses. 

 

PRINCIPAL INVESTIGATOR  

Miss Georgia Wingfield (PhD Student)  

School of Exercise Science, Sport & Health   

Charles Sturt University  

0402642684 

gwingfield@csu.edu.au    

  

 

       

SUPERVISORS   

Dr Melissa Skein  

School of Exercise Science, Sport & Health   

Charles Sturt University   

(02) 63384430  

mskein@csu.edu.au   

 

 

Professor Frank Marino   

School of Exercise Science, Sport & Health  

Charles Sturt University   

(02) 63384268  

fmarino@csu.edu.au  

 

 

Dr Jack Cannon  

School of Exercise Science, Sport & 

Health  

Charles Sturt University  

(02) 63384334 

jcannon@csu.edu.au   

  

PURPOSE OF THE STUDY  

  

The purpose of this study is to examine the effect of 30 km cycling performance on physiological responses, 

cerebral blood flow and muscular activation.    

  

I, (print your name) _________________________________ have read the information contained within this 

consent form and any questions I have asked have been answered to my satisfaction.  

  

I agree to participate in this project, realising I am free to withdraw my participation at any time without being 

subject to any penalty or discriminatory treatment.  

  

I have been given the opportunity to ask questions about the research and received satisfactory answers.   

  

I agree that the purpose of this research and potential risks or discomforts involved with the testing procedures 

have been sufficiently explained to me, with the opportunity to ask questions.  

  

I understand that any information or personal details gathered in the course of this research about me is 

confidential and that neither my name nor any other identifying information will be used or published without 

my written permission.  

  I give permission for photographs and video footage to be taken during my data collection session. I 

understand that photographs will be used at a later date for academic presentations (i.e. conferences), however, 

all persons will be de-identifiable.  

 

 

 Charles Sturt University’s Human Research Ethics Committee has approved this study.  

  

 
____________________________________      _____________  

  

  
FACULTY OF  SCIENCE 

  
School of  Exercise Science , 

  Sport & Health 
    

Panorama Avenue    
Bathurst     NSW     2795   
Australia   
Tel: +61 2 6338 6101  

  
Fax: +61 2 6338 4065 
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 Signature of participant (and parent/guardian if under 18 years of age)   Date  
  

 
 ________________________________________       ______________  
Signature of investigator             Date  
   

 

 

Values and Principles of Ethical Conduct  

NOTE: Charles Sturt University’s Human Research Ethics Committee has approved this research project. If you 

have any complaints or concerns about this research, you may contact:  

The Executive Officer  

Human Research Ethics Committee, Office of Academic Governance  

Charles Sturt University   

Panorama Avenue, Bathurst NSW 2795  

  
Ph: (02) 63384628   

Fax: (02) 63384194  

Email: ethics@csu.edu.au  
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20 May 2016   

   

   

Miss Georgia Wingfield   

School of Exercise Science Sport & Health   

Charles Sturt University Panorama Avenue   

BATHURST NSW 2795   

   

     

Dear Miss Wingfield,   

   

Thank  you  for  the  additional  information  forwarded  in  response  to  a  request  from  the  Human  Research  Ethics  

Committee  (HREC).   

   

The  CSU  HREC  reviews  projects  in  accordance  with  the  National  Health  and  Medical  Research  Council’s  National  

Statement  on  Ethical  Conduct  in  Research  Involving  Humans.   

   

I   am   pleased   to   advise   that   your   project   entitled   “The   Effect   Of   Exercise   End-Point  Manipulation  On  

Pacing  Strategies  And  Perception  Of  Work”  meets  the  requirements  of  the  National  Statement;;  and  ethical  

approval  for  this  research  is  granted  for  a  twelve-month  period  from  20/5/2016.   

   

The  protocol  number  issued  with  respect  to  this  project  is  H16074.  Please  be  sure  to  quote  this  number  when  

responding  to  any  request  made  by  the  Committee.   

   

Please note the following conditions of approval:   

   

• all  Consent  Forms  and  Information  Sheets  are  to  be  printed  on  Charles  Sturt  University  letterhead.   Students   

should   liaise   with   their   Supervisor   to   arrange   to   have   these documents printed; ;   

• you  must  notify  the  Committee  immediately  in  writing  should  your  research  differ  in  any  way  from  that  

proposed.  Forms  are  available  at:  http://www.csu.edu.au/research/ethics_safety/human/hrec_managing       

• you  must  notify  the  Committee  immediately  if  any  serious  and  or  unexpected  adverse  events   or   outcomes   

occur   associated   with   your   research,   that   might   affect   the  participants  and  therefore  ethical  acceptability  

of  the  project.  An  Adverse  Incident  form  is  available  from  the  website:  as  above;;   

• amendments  to  the  research  design  must  be  reviewed  and  approved  by  the  Human  Research  Ethics  

Committee  before  commencement.  Forms are available at the website above; ;   

• if  an  extension  of  the  approval  period  is  required,  a  request  must  be  submitted  to  the  Human  Research  

Ethics  Committee.  Forms are available at the website above; ;   

• you  are  required  to  complete  a  Report  On  Research  Project,  which  can  be  downloaded  as  above,  by  

13/04/2017  if  your  research  has  not  been  completed  by  that  date;;   

• You are required to submit a final report; ;  The form is available from the website above.   

   

YOU   ARE   REMINDED   THAT   AN   APPROVAL   LETTER   FROM   THE   CSU   HREC CONSTITUTES ETHICAL 

APPROVAL ONLY.   
   

If   your   research   involves   the   use   of   radiation,   biological   materials,   chemicals   or   animals   a separate approval 

is required from the appropriate University Committee.   

   

The  Committee  wishes  you  well  in  your  research  and  please  do  not  hesitate  to  contact  the   

Executive  Officer  on  telephone  (02)  6338  4628  or  email  ethics@csu.edu.au  if  you  have  any   

  FACULTY OF  SCIENCE 
  

School of  Exercise Science, Sport & Health 
    

Panorama Avenue  
  

Bathurst NSW 2795 
  

Australia 
  

Tel: +61 2 6338  6101 
  

Fax: +61 2 6338 4 0 65 
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Yours Sincerely,  

   

Regan McIntosh   

Executive Officer   

Human Research Ethics Committee   

Direct Telephone:  (02) 6338 4628   

Email:  ethics@csu.ed.au   

Cc:  Dr Melissa Skein, Dr Jack Cannon and Professor Frank Marino   

   

   

   

   

   

This HREC is constituted and operates in accordance with the National Health and  

Medical Research Council’s (NHMRC) National Statement on Ethical Conduct in Human 

Research (2007)  
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Appendix B 
Study 2 Participant Letter Informing of 

Deception 
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The effect of endurance cycling on central and physiological responses. 

 

Dear participant,  

During this study you have been ill-advised of the distance you cycled. During each trial, you were 

informed of a 30 km cycling time-trial. However, each trial varied between 20 km, 30 km or 40 km 

distance. The importance of manipulating the distance of each time-trial was to determine changes in 

central function and pacing strategies.  

For this study, the chief investigator was attempting to divulge the central contributors to change in 

performance (pacing strategy), which has been shown in previous literature. It has been suggested that 

by manipulating a pre-conceived expectation of subsequent exercise performance, a subconscious 

change in power output will be determined based on the perception of work. Meaning, the central 

nervous system will impact the intensity (power output) at which you are exercising based on 

interpretation of physiological changes such as; increasing heart rate, increasing core temperature and 

rate of respiration.  

From the data collected during these exercise trials, the chief investigator will publish a manuscript 

titled ‘The effect of exercise endpoint manipulation on pacing strategies and perception of work’ from 

which you will receive a detailed report of your individual performance, and a comparison to the means 

for each trial. 

Finally, the investigation team would like to thank you for your participation.   

 

Yours Sincerely, 

Georgia Wingfield, 

 
Chief Investigator  
Tel: +61 2 6338 6101 

Email: gwingfield@csu.edu.au  

www.csu.edu.au      
 

  

  
FACULTY OF  SCIENCE 

  
School of  Exercise Science , 

  Sport & Health     
Panorama Avenue    
Bathurst     NSW     2795   
Australia   
Tel: +61 2 6338  6101   
Fax: +61 2 6338 4 0 65   

mailto:gwingfield@csu.edu.au
http://www.csu.edu.au/
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Appendix C 
Study 3 Information Sheet, Consent Form 

and Ethical Approval  
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INFORMATION SHEET 

The effect of dehydration, knowledge of, and fluid ingestion on pacing strategies and cognition during 

self-paced cycling in the heat. 

PRINCIPAL INVESTIGATOR  

Miss Georgia Wingfield (PhD Student)  

School of Exercise Science Sport & Health  

Charles Sturt University  

0402642684 gwingfield@csu.edu.au    

  

  

   

SUPERVISORS   

Dr Melissa Skein (Principal Supervisor)  

School of Exercise Science Sport & Health  

Charles Sturt University   

(02) 63384430  

mskein@csu.edu.au   

  

  

Prof Frank Marino (Co-Supervisor)  

School of Exercise Science Sport & Health  

Charles Sturt University   

(02) 63384268  

fmarino@csu.edu.au  

  

  

 Dr Jack Cannon (Co-Supervisor)  

School of Exercise Science Sport & 

Health  

Charles Sturt University  

(02) 63384334  

jcannon@csu.edu.au   

 

PURPOSE OF THE STUDY 

The purpose of this study is to examine the effect of fluid ingestion during exercise after commencing exercise in 

a dehydrated state on 45 min cycling performance on physiological responses, cerebral blood flow and muscular 

activation.    

  

PROCEDURES 

Overview  

To participate in this study, participants must be well-trained and experienced male cyclists whom are non-

smokers and free from physical injury which may prevent them from completing all cycling efforts.   

Participants will complete an initial familiarisation (visit 1) session to ensure they are familiar with testing 

procedures, protocol and equipment. The familiarisation session will include a VO2max test (incremental test until 

exhaustion) on a cycle ergometer. Following familiarisation, participants will be required to take part in three (3) 

self-paced cycling efforts on three (3) separate occasions in the Exercise Physiology Lab at Charles Sturt 

University (Visit 2, 3 & 4).   

  

Participants will have to complete a dehydration cycling protocol in the heat (approximately 90 min) until they 

have attained 2% reduction in body weight due to fluid loss and urine specific gravity of >1.020. Following this 

dehydration protocol, participants will be provided a 1 hour recovery (limited fluids but food available) followed 

by a self-paced 45 min cycling effort commencing in a dehydrated state and at this point, unaware of which 

condition they will be completing during the cycling protocol.   

  

Conditions for the cycling efforts are as follows;  

Informed no H2O: For this condition, at 15 min mark, participants will be made aware they will be receiving no 

fluid for the remainder of the cycling effort.  

  

OFFICE OF GOVERNANCE AND   
CORPORATE AFFAIRS 

   ACADEMIC GOVERNANCE 
   

   
Private Mail Bag 29 

   
Panorama  Avenue 

   
Bathurst NSW 2795 

   
Tel:  +61 2  6338  4185 

   
Fax:  +61 2 6338  4194 

      
Email:

     
ethics@csu.edu.au 

     
http://www.csu.edu.au/acad_sec  

   

http://www.csu.edu.au/acad_sec
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Informed H2O: At 15 min participants will be advised they will be provided 500ml of fluid (water) at the 15 min 

mark of the protocol to drink ad libitum for the remainder 15 min.  

Not informed: during this condition, participants will receive no information about the availability of fluids, 

though will receive 500ml of water at the 15 min mark to drink ad libitum for the remaining 15 min.  

  

To assess the changes to central responses to the cycling protocol, participants will be equipped with a near-

infrared spectrometry (NIRS) instrument to measure cerebral oxygenation (oxygen concentration of blood to the 

brain) and an electroencephalogram (EEG) to record electrical activity across the brain. Both the NIRS and EEG 

are placed on the skin of the scalp and will not cause any pain or discomfort. Participants will also complete 5x 

maximal isometric voluntary contractions (MVC) of the right knee extensors (quadriceps) and flexors 

(hamstrings) prior to, and post the exercise trial for assessment of maximal force production. Electrodes will be 

placed on the femoral nerve with an electrical stimulation given to the nerve during 5 MVC’s (and immediately 

following with the muscle at rest). During all MVC’s and cycling trials muscle recruitment (activation) will be 

assessed using electromyography (EMG) electrodes placed on the rectus femoris, vastus medialis and vastus 

lateralis (quadriceps) and biceps femoris (hamstring) by placing electrodes on the belly (middle) of each muscle, 

again causing no harm or discomfort. Further, to assess core temperature, participants will be required to ingest a 

small, non-toxic capsule four (4) hours prior to the dehydration protocol which will be detected through an external 

hand held monitor. The capsule will not cause any harm or discomfort and pass through the gastrointestinal tract 

within 48 hours of ingestion. While the capsule is within the body, participants are not to have an MRI, and will 

be given an armband to wear for the 48 hours as a warning. Furthermore, at rest and throughout the cycling trials 

participants will complete measures including urine specific gravity (USG) to determine hydration status, heart 

rate (HR) via chest strap, and perceptual assessments of rating of perceived exertion (RPE) and thermal strain 

(TS).  

  

Exercise Protocol  

As outlined in Figure 1, you will complete a 45 min self-paced cycling protocol during each visit. Prior to the 

cycling trial commencing, participants will complete maximal voluntary contractions with superimposed stimulus 

and 3x maximal effort cycling sprints for normalisation of EMG data. All cycling will be completed on a stationary 

Velotron cycle ergometer within the Human Performance Laboratories at CSU. During visits 1-4 (see Figure 1). 

At rest and throughout the cycling protocol heart rate and rating of perceived exertion will be obtained every 5 

min during each cycling trial.  

  

  

Figure 1: Schematic diagram of study overview.  This diagram presents the procedures for familiarisation and the 

succeeding cycling efforts which several measures will be recorded, including; maximal voluntary contraction 

(MVC), Urine Specific Gravity (USG), heart rate (HR), core temperature (Tcore) rating of perceived exertion 

(RPE), thermal sensation (TS), visual analogue scales (VAS) for thirst and task difficulty, electroencephalogy 

(EEG), electromyography (EMG), near infra-red spectrometry (NIRS), and power output (PO).  

Measures  

• Power Output will be recorded throughout all three cycling trials. While power output will not be displayed 

during the cycling effort, the participant will be provided their power output data at the conclusion of the 

study.   
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• Urine Specific Gravity (USG) will be collected as a resting measure at the beginning of each day of the 

exercise trials as a measure of hydration status. A mid-stream urine sample will be collected in a sterile jar 

within an enclosed private bathroom with lockable door.   

• Nude body mass will be recorded pre-and post-dehydration protocol, and pre exercise trial within an 

enclosed private area with lockable door. Body mass is completed as an indirect measure of hydration status 

and sweat loss during exercise.  

• Electromyography (EMG) will be used to assess muscle recruitment of four separate muscles (vastus 

medialis, rectus femoris, biceps femoris and vastus lateralis). Following skin preparation (removing dead 

skin cells and oils), EMG electrodes will be placed on the centre of the muscle belly using a two-way sticker. 

The electrode will be held in place for the duration of the testing using transpore tape that can be easily 

removed. There is no harm or discomfort associated with the use of an EMG.   

• Near-Infrared Spectrometry (NIRS) instrument will be used to examine changes in concentration of 

oxygenated and deoxygenated blood flow to the brain. This equipment will be affixed externally to the 

participants’ skull on arrival to labs on all days of exercise trials and will be recorded at rest and cycling 

performance. NIRS will be secured on the participants’ left prefrontal lobe and secured with Velcro straps.   

• Electroencephalogy (EEG) will be used to record electrical activity across the brain. This device will be 

fixed externally to the skull with 24 electrodes placed evenly surrounding the skull and secured with Velcro 

straps. EEG will be recorded continuously during cycling trials via wireless transmitter into computer 

software. This instrument will cause no harm or discomfort during its use.  

• Core temperature (Tcore) will be recorded at rest and during the cycling effort to monitor rise in internal 

temperature. The participant will be required to ingest a telemetric core temperature capsule ~4 hours prior 

to arrival for dehydration protocol. Core temperature will be detected by an external hand held device and 

manually recorded.   

• Heart Rate will be measured pre, post and every 5 min during cycling protocol with a chest heart rate 

monitor strap and wireless computer receiver.  

• Perceptual measures indicate how hard individual is perceived to be working at a given time point. Rating 

of Perceived Exertion (RPE) and Thermal strain (TS) will be asked every 5 min during the cycling 

protocol.  Furthermore, rating on a Visual Analogue Scale (VAS) will also be measured to determine thirst 

and rating of difficulty of the task.    

  

  

SUBJECT BENEFIT  

Participants will receive information pertaining to their cycling performance, peak sprinting power output, peak 

and mean force output during maximal contractions. Individual information will allow participants to tailor and 

develop training programs.   

MAJOR ISSUES  

• Nature of the testing protocol requires prolonged, moderate to high intensity efforts. Therefore, participants 

will be health screened via participation readiness questionnaire (PAR-Q) prior to signing consent to ensure 

they are fit to complete the study protocol.   

• All participants in the study are of adequate fitness to complete the protocol and will be familiarised with 

protocol and conditions prior to testing. Further, participants will become accustom to the physical exertion 

experienced during the exercise protocol after the familiarisation session.   

• To record core temperature subjects are required to ingest a non-toxic telemetric capsule (size of a jelly bean) 

approximately 4 hours prior to the 45 min cycling effort, to be detected using an external device. While this 

procedure is painless, participants may be apprehensive about the ingestion of a foreign object. Participants 

will be provided with a complete verbal explanation of the procedures and the purpose of the capsule. During 

which time the capsule is ingested (24 – 48 hours) subjects should not undergo an MRI. Each participant will 

be provided with an armband that must be worn 48hrs post capsule ingestion that advises they have digested 

an MRI incompatible device. Armband should not be removed until core temperature capsule has been 

excreted and located. Participants will be informed the capsule will pass through the gastrointestinal tract 

without affecting bodily functions and without any harm to health and can remove the armband 48-hours post 

capsule ingestion.  
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• Electrical stimulation applied to the knee extensors will cause a brief (~0.3 sec) painful sensation to the muscle 

(quadriceps). This is a transient sensation and is of minimal harm to the participant. Participants will be fully 

informed and familiarised with the procedure prior to testing.    

• Prior consent will be gained for any visual recording of any testing session (photographs/videos etc.) from the 

subjects involved and these recordings will remain under confidential storage and only published with the 

express permission of the subject involved. If the data is published in any form, participant names and 

distinguishing features will remain confidential.  

  

  

TIME COMMITMENTS  

For this study, participants will be required to attend the CSU Human Performance Laboratories on four (4) 

occasions. A familiarisation session (Visit 1) is required to take place prior to commencing the first exercise trial 

and will take approximately 1 hour of the participants’ time. The first exercise trial will take place following 

recovery from VO2max test at familiarisation (within 5-7 days). The dehydration protocol will take approximately 

90 mins to complete on the morning of experimental trials. Further, the self-paced cycling trials (visit 2, 3 and 4) 

will take approximately one and a half (1.5) hours including resting measures and cycling protocol. Each trial will 

be separated by 5 – 7 days to minimise fatigue. However, if for some reason, the participant cannot finish all 

testing requirements for any reason at all, they are free to withdraw from the project at any time without penalty 

or discrimination.   

 

 CONTACT DETAILS  

If participants have any queries throughout the testing procedures, they can contact the investigators on:  

  
PRINCIPAL INVESTIGATOR  
Miss Georgia Wingfield   
(PhD Student)  
School of Exercise Science Sport & Health  
Charles Sturt University  
0402642684  
georgiawingfield@live.com   
  

  

ASSOCIATE INVESTIGATORS  
Dr Melissa Skein  
School of Exercise Science Sport & Health  
Charles Sturt University   
(02) 63384430 

mskein@csu.edu.au   
 

 

Prof Frank Marino   
School of Exercise Science Sport & Health  
Charles Sturt University   
(02) 63384268 

fmarino@csu.edu.au  
 

 

Dr Jack Cannon  
School of Exercise Science Sport & Health  
Charles Sturt University  
(02) 63384334  

jcannon@csu.edu.au     

 

 

Note: Charles Sturt University’s Ethics in Human Research Committee has approved this project. If you have any 
complaints or reservations about the ethical conduct of this project, you may contact the Committee treatment 
through the executive Officer:   

The Executive Officer  
Ethics in Human Research Committee  
Academic Secretariat  
Charles Sturt University    

Private Mail Bag 29    

Bathurst, NSW, 2795.  
Tel: (02) 6338 4628  
Fax: (02) 6338 4194  
Any issues you raise will be treated in confidence and investigated fully and you will be informed of the outcome.   
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FACULTY OF SCIENCE 
School of Exercise Science Sport & Health  
Panorama Avenue  
Bathurst NSW 2795 
Australia 
Tel: +61 2 6338 6101 

Fax: +61 2 6338 4065 

Email: gwinfield@csu.edu.au 

http://www.csu.edu.au/faculty/science/human 
ABN: 83 878 708 551 

 
 

 
 
 
 
 

CONSENT FORM 

The effect of dehydration, knowledge of, and fluid ingestion on pacing strategies and cognition during 

self-paced cycling in the heat. 

PRINCIPAL INVESTIGATOR 

Miss Georgia Wingfield (PhD Student) 

School of Exercise Science Sport & Health  

Charles Sturt University 
0402642684 

gwingfield@csu.edu.au   

 

  

SUPERVISORS  

Dr Melissa Skein 

School of Exercise Science Sport &  
Health  

Charles Sturt University  

(02) 63384430 
mskein@csu.edu.au  

 

 

Prof Frank Marino  
School of Exercise Science Sport & 
Health 

Charles Sturt University  

(02) 63384268 
fmarino@csu.edu.au 

 

 

Dr Jack Cannon 

School of Exercise Science Sport & 
Health 

Charles Sturt University 

(02) 63384334 
jcannon@csu.edu.au  

 

  

   

PURPOSE OF THE STUDY 

The purpose of this study is to examine the effect of fluid ingestion during exercise after commencing exercise in 

a dehydrated state on 30 km cycling performance on physiological responses, cognitive function, cerebral blood 

flow and muscular activation. 

 

I, (print your name) _________________________________ have read the information contained within this 

consent form and any questions I have asked have been answered to my satisfaction. 

 

I agree to participate in this project, realising I am free to withdraw my participation at any time without being 

subject to any penalty or discriminatory treatment. 

 

I have been given the opportunity to ask questions about the research and received satisfactory answers.  

 

I agree that the purpose of this research and potential risks or discomforts involved with the testing procedures 

have been sufficiently explained to me, with the opportunity to ask questions. 

 

I understand that any information or personal details gathered in the course of this research about me is 

confidential and that neither my name nor any other identifying information will be used or published without my 

written permission.  

 

         

I give permission for photographs and video footage to be taken during my data collection session. I 

understand that photographs will be used at a later date for academic presentations (i.e. conferences), however, 

all persons will be de-identifiable. 

 

 

 

 

 

 

 

 

mailto:gwinfield@csu.edu.au
http://www.csu.edu.au/faculty/science/human
mailto:gwingfield@csu.edu.au
mailto:mskein@csu.edu.au
mailto:fmarino@csu.edu.au
mailto:jcannon@csu.edu.au
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Charles Sturt University’s Human Research Ethics Committee has approved this study. 

 

 

____________________________________             _____________ 

Signature of participant (and parent/guardian if under 18 years of age)               Date  

 

_________________________________________          ______________ 

 

Signature of investigator            Date 
  

Values and Principles of Ethical Conduct 
NOTE: Charles Sturt University’s Human Research Ethics Committee has approved this research project. If you have any 
complaints or concerns about this research, you may contact: 
The Executive Officer 
Human Research Ethics Committee, Office of Academic Governance 
Charles Sturt University  
Panorama Avenue, Bathurst NSW 2795 
 
Ph: (02) 63384628  
Fax: (02) 63384194 
Email: ethics@csu.edu.au 
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22 July 2016  

  

  

  

Miss Georgia Wingfield  

School of Exercise Science, Sport and Health  

Charles Sturt University  

BATHURST NSW 2795  

  

  

  

Dear Miss Wingfield  

  

Thank you for the additional information forwarded in response to a request from the Charles Sturt 

University Human Research Ethics Committee (HREC).  

  

The HREC reviews projects in accordance with the National Health and Medical Research Council’s 

National Statement on Ethical Conduct in Research Involving Humans.  

  

I am pleased to advise that your project entitled “The knowledge of, and fluid ingestion on pacing 

strategies and cognition during self-paced cycling in the heat” meets the requirements of the 

National Statement; and ethical approval for this research is granted for a twelve-month period from 

the date of this letter.  

  

The protocol number issued with respect to this project is H16116. Please be sure to quote this number 

when responding to any request made by the Committee.  

  

Please note the following conditions of approval:  

  

• All Consent Forms and Information Sheets are to be printed on Charles Sturt University 

letterhead. Students should liaise with their Supervisor to arrange to have these documents 

printed;  

• You must notify the Committee immediately in writing should your research differ in any 

way from that proposed. Forms are available at: 

http://www.csu.edu.au/__data/assets/word_doc/0007/963763/Report-on-

ResearchProject_20130503.doc (please copy and paste the address into your browser)  

• You must notify the Committee immediately if any serious and or unexpected adverse events 

or outcomes occur associated with your research that might affect the participants and 

therefore ethical acceptability of the project. An Adverse Incident form is available from the 

website: as above;  

• Amendments to the research design must be reviewed and approved by the Human Research 

Ethics Committee before commencement. Forms are available at the website above; 

• If an extension of the approval period is required, a request must be submitted to the Human 

Research Ethics Committee. Forms are available at the website above; 

• you are required to complete a Report On Research Project, which can be downloaded as 

above, by 16/06/2017 if your research has not been completed by that date; 

• You are required to submit a final report, the form is available from the website above. 

 

OFFICE OF GOVERNANCE AND  
CORPORATE AFFAIRS  
A CADEMIC GOVERNANCE  
  
Private Mail Bag 29  
Panorama Avenue 
Bathurst NSW 2795   
Tel: +61 2 6338 4185  
Fax: +61 2 6338 4194   
http://www.csu.edu.au/acad_sec    
ethics@csu.edu.au  
 

http://www.csu.edu.au/acad_sec
mailto:ethics@csu.edu.au
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YOU ARE REMINDED THAT AN APPROVAL LETTER FROM THE CSU HREC 

CONSTITUTES ETHICAL APPROVAL ONLY. 

 

If your research involves the use of radiation, biological materials, chemicals or animals a separate 

approval is required from the appropriate University Committee. 

 

The Committee wishes you well in your research and please do not hesitate to contact the Executive 

Officer on telephone (02) 6338 4628 or email ethics@csu.edu.au if you have any enquiries. 

 

Yours sincerely 

  

  

Regan McIntosh  

Executive Officer  

Human Research Ethics Committee  

Direct Telephone: (02) 6338 4628  

Email: ethics@csu.ed.au  

  

  

  

This HREC is constituted and operates in accordance with the National Health and  

Medical Research Council’s (NHMRC) National Statement on Ethical Conduct in Human Research 

(2007)  
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FACULTY OF SCIENCE 
School of Exercise Science, Sport & Health  
Panorama Avenue  
Bathurst   NSW   2795 
Australia 
Tel: +61 2 6338 6101 

Fax: +61 2 6338 4065 

Email: gwingfield@csu.edu.au 

http://www.science.csu.edu.au/schools/exercise-sport-health  
ABN: 83 878 708 551 

 

 

 

 

 

INFORMATION SHEET 

The effect of anti-inflammatory drugs on cytokine response,  

exercise performance and recovery 

PRINCIPAL INVESTIGATOR 

Miss Georgia Wingfield (PhD Student) 

School of Exercise Science, Sport & Health  
Charles Sturt University 

0402642684 

gwingfield@csu.edu.au   

  

SUPERVISORS  

Dr Melissa Skein 

School of Exercise Science, Sport & Health  

Charles Sturt University  

(02) 63384430 
mskein@csu.edu.au  

 

 

Professor Frank Marino  
School of Exercise Science, Sport & Health 

Charles Sturt University  

(02) 63384268 
fmarino@csu.edu.au 

 

 

Dr Jack Cannon 

School of Exercise Science, Sport & Health 

Charles Sturt University 

(02) 63384334 
jcannon@csu.edu.au  

 

  

   

PURPOSE OF THE STUDY 

The purpose of this study is to determine if ibuprofen (nurofen) can improve cycling performance and reduce 

recovery time following strenuous exercise, this study can create prospective further investigations into such 

responses. 

 

PROCEDURES 

Overview 

Participants recruited for the study will include twelve moderate to well-trained cyclists/ triathletes from the local 

region. Participants will complete an initial familiarisation (visit 1) session to ensure they are familiar with testing 

procedures, protocol and equipment. The familiarisation session will include a VO2max test (incremental test until 

exhaustion) on a cycle ergometer. 

 

Following familiarisation, participants will be required to take part in two exercise trials (visit 2 and 4) and two 

neuromuscular recovery trials (visit 3 and 5) over 4 visits that will include neuromuscular testing of maximal 

voluntary torque and activation, 60 min cycling time-trial interspersed with 6 x 60s maximal cycling sprints. 

Further, to assess the changes to central responses to the intermittent cycling exercise protocol participants will 

be equipped with a near-infrared spectrometry (NIRS) instrument to measure cerebral oxygenation. As part of this 

study prior to one of the exercise trials, participants (n= 12) will be required to ingest 2x ibuprofen tablets to blunt 

the inflammatory response during exercise. During the other exercise trial, participants will ingest 2x placebo 

tablets consisting of glucose powder (Glucodin). Participants will be randomly allocated into these conditions and 

will be blinded as to which condition they are completing until the conclusion of the data collection period. As a 

descriptive measure to assess level of inflammation, 4x 5mL blood samples will be drawn from an antecubital 

vein on two occasions (before, during and immediately after exercise, and during recovery for both conditions). 

Upon arrival, participants will complete resting measures including; heart rate (HR) via a chest strap and wrist 

watch receiver, 5 mL blood venous sample from the antecubital vein and perceptual measures including rating of 

perceived exertion (RPE) and profile of mood states questionnaire (POMS).  

 

mailto:gwingfield@csu.edu.au
http://www.science.csu.edu.au/schools/exercise-sport-health
mailto:gwingfield@csu.edu.au
mailto:mskein@csu.edu.au
mailto:fmarino@csu.edu.au
mailto:jcannon@csu.edu.au
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On both days of the exercise trials, participants will complete 5x maximal isometric voluntary contractions (MVC) 

of the right knee extensors (quadriceps) and flexors (hamstrings) for assessment of maximal force production. 

Electrodes will be placed on the femoral nerve with an electrical stimulation given to the nerve during 5 MVC’s 

(and immediately following with the muscle at rest). During all MVC’s and cycling trials muscle recruitment 

(activation) will be assessed using electromyography (EMG) electrodes placed on the rectus femoris, vastus 

medialis and vastus lateralis (quadriceps) and biceps femoris (hamstring).  

Following initial neuromuscular assessment, participants will be positioned on stationary cycle ergometer 

(Velotron) to complete a 60 min time-trial aiming to cover as much distance as possible. During the time-trial, at 

the 9th, 19th, 29th, 39, 49th and 59th minute you will be instructed to complete a maximal effort sprint lasting 30 

seconds. The MVC protocol will be completed again immediately following the cycling trial (post-exercise) and 

6 hours into recovery. During MVC protocol, while stationary on bike and during each maximal sprint HR, NIRS, 

RPE and EMG will be collected to monitor physiological, neuromuscular, perceptual and central responses to the 

exercise protocol. 

 

 

Conditions/Interventions 

(1) NSAID condition will be required to ingest 2x ibuprofen tables 2 hours prior to arriving at the Human 

Performance Laboratory and starting the 60min intermittent cycling exercise performance. 

(2) Placebo control (CONT) condition will require no ingestion of ibupofren prior to identical 60 min 

intermittent cycling performance trial. For this condition participants will ingest glucose powder 

(Glucodin) 2 hours before arriving at the Human Performance Laboratory.  

 

Exercise Protocol 

As outlined in Figure 1, unrelated to which condition you are completing, you will complete a 60 min 

intermittent cycling protocol:  

All cycling will be completed on a stationary Velotron cycle ergometer within the Human Performance 

Laboratories at CSU. During visits 1-5 (see Figure 1), participants will provide 8x 5 mL venous blood sample 

from the antecubital vein for analysis of level of inflammation. At rest and throughout the cycling protocol heart 

rate and RPE will be obtained every 5 min during cycling trial. 

Figure 1: Schematic diagram of study overview.   
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Measures 

 Power Output will be recorded throughout the cycling bouts during baseline and post-acclimation testing. 

While power output will not be displayed during the cycling effort, the participant will be provided their 

power output data at the conclusion of the study.  

 Maximal Voluntary Contractions (MVC) will be completed on all days of exercise trials. Participants will 

be seated with stimulus electrodes placed on the femoral nerve (at the top of the leg) to activate the knee 

extensors (quadriceps muscle group). Participants will complete 5 maximal contractions of knee extensors 

for 5 sec with 25 sec rest between each. The final 5 MVC will be superimposed with an electrical stimulus 

to femoral nerve. The electrical stimulation is a sensation to the quadriceps muscle and is completed with 

minimal harm.   

 Electromyography (EMG) will be used to assess muscle recruitment of two separate muscles (biceps 

femoris and vastus lateralis). Following skin preparation (removing dead skin cells and oils), EMG 

electrodes will be placed on the centre of the muscle belly using a two-way sticker. The electrode will be 

held in place for the duration of the testing using transpore tape that can be easily removed. There is no harm 

or discomfort associated with the use of an EMG.  

 Near-Infrared Spectrometry (NIRS) instrument will be used to examine changes in oxygenated cerebral 

haemoglobin concentrations. This equipment will be affixed externally to the participants’ skull on arrival 

to labs on both days of exercise trials and will be recorded at rest, during MVC protocol and cycling 

performance. NIRS will be secured on the participants’ left prefrontal lobe and secured with Velcro straps.  

 Heart Rate will be measured pre, post and every 5 min during cycling protocol with a chest heart rate 

monitor strap and wristwatch receiver. 

 Antecubital Blood Sample will be taken using a 21 gauge hypodermic needle inserted into participant’s 

antecubital vein of their non-dominant arm. Using a cannula IV needle for continuous blood sampling, a 5 

mL blood sample on 3 occasions and the needle removed. Pressure will then be applied to the puncture site 

and band aid affixed. This process will be repeated on the participants opposite arm on the second day of 

exercise trials for a singular blood sample. The blood sample will be analysed for cytokines associated with 

the inflammatory response, specifically, interleukin (IL)-6, soluble glycoprotein-130 (sgp130) and Tumour 

Necrosis Factor (TNF)-α. 

 Perceptual measures indicate how hard individual is perceived to be working at a given time point. Rating 

of Perceived Exertion (RPE) will be asked every 5min during the cycling protocol.   

 

 

 

SUBJECT BENEFIT 

Participants will receive information pertaining to their cycling performance, peak sprinting power output, peak 

and mean force output during maximal contractions. Individual information will allow participants to tailor and 

develop training programs.  

MAJOR ISSUES 

 The collection of blood can be somewhat uncomfortable for participants. This procedure requires sharp 

piercing sensation. Some people feel moderate pain, while others feel only a prick or stinging sensation. 

Afterward, there may be some throbbing. Care will be taken to ensure that participants are made comfortable 

during the procedure. The main risks associated with blood sampling are the risk of infection (a slight risk any 

time the skin is broken) and scarring, which occurs when there have been multiple punctures in the same area. 

However, sampling will involve both arms; thereby minimising discomfort and risk of scarring due to 

repetitive sampling in the same location. A stretcher will also be available for persons who experience any 

anxiety or light headedness following collection of the sample. 

 Ingesting ibuprofen tablets may a contraindication for some participants and will therefore be excluded from 

the study. Potential participation in this study requires the participant to be free of stomach-related problems 

i.e. ulcers, not suffer from mild to severe asthma, high-blood pressure, diabetes, glaucoma or other 

contraindications associated with ibuprofen or have hypersensitivity to ibuprofen. The Principal Investigator 

is aware of such conditions and medications established to be contraindications for the ingestion of ibuprofen 

and will complete a health-screening including a ‘Health Allergy and Medication’ questionnaire prior to any 

exercise testing. Any participants who are intolerant to ibuprofen will be excluded from the research project. 
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 Electrical stimulation applied to the knee extensors will cause a brief (~0.3sec) painful sensation to the muscle 

(quadriceps). This is a transient sensation and is of minimal harm to the participant. Participants will be fully 

informed and familiarised with the procedure prior to testing.   

 Nature of the testing protocol requires prolonged, moderate to high intensity efforts. All participants in the 

study are of adequate fitness to complete the protocol and will be familiarised with protocol and conditions 

prior to testing.  

 Prior consent will be gained for any visual recording of any testing session (photographs/videos etc.) from the 

subjects involved and these recordings will remain under confidential storage and only published with the 

express permission of the subject involved. If the data is published in any form, participant names and 

distinguishing features will remain confidential. 

 During familiarisation, and trials photographs and video footage to be taken during the data collection session. 

Photographs and footage may be used at a later date for academic presentations (i.e. conferences), however, 

all persons will be un-identifiable. 

 

 

TIME COMMITMENTS 

For this study, participants will be required to attend the CSU Human Performance Laboratories on five (5) 

occasions. Familiarisation sessions (Visit 1) is required to take place within 5-7 days prior to commencing first 

exercise trial and will take approximately 1-1.5 hours of the participants’ time. The first exercise trial will take 

place following recovery from VO2max test at familiarisation. The exercise trials (visit 2 and 4) will take 

approximately one (1) hour for resting measures, neuromuscular assessment and neurological measures and one 

(1) hour for the cycling protocol (total of 2 hours). However, following cycling and blood sampling if participants 

are presenting signs of un-wellness or nausea will be able to rest and recover in labs until fit to leave. The following 

neuromuscular assessment trials (visit 3 and 5), will take no more than one (1) hour of the participants’ time for 

collection of resting measures, neuromuscular assessment and cerebral activity. However, if for some reason, the 

participant cannot finish all testing requirements for any reason at all, they are free to withdraw from the project 

at any time without penalty or discrimination.  

CONTACT DETAILS 

 

 If participants have any queries throughout the testing procedures, they can contact the investigators on: 

 
PRINCIPAL INVESTIGATOR 
Miss Georgia Wingfield (PhD Student) 
School of Exercise Science, Sport & Health  
Charles Sturt University 
0402642684 
gwingfield@csu.edu.au   

  

SUPERVISORS  
Dr Melissa Skein 
School of Exercise Science, Sport & Health  
Charles Sturt University  
(02) 63384430 
mskein@csu.edu.au  
 

 
Professor Frank Marino  
School of Exercise Science, Sport & Health 
Charles Sturt University  
(02) 63384268 
fmarino@csu.edu.au 
 

 
Dr Jack Cannon 
School of Exercise Science, Sport & Health 
Charles Sturt University 
(02) 63384334 
jcannon@csu.edu.au  

  

 
Note: Charles Sturt University’s Ethics in Human Research Committee has approved this project. If you have any complaints or reservations 
about the ethical conduct of this project, you may contact the Committee treatment through the executive Officer: 
 The Executive Officer 
    Ethics in Human Research Committee 
 Academic Secretariat 
 Charles Sturt University 
 Private Mail Bag 29 
 Bathurst, NSW, 2795. 
 Tel: (02) 6338 4628 
 Fax: (02) 6338 4194 
Any issues you raise will be treated in confidence and investigated fully and you will be informed of the outcome.  
 
 

mailto:gwingfield@csu.edu.au
mailto:mskein@csu.edu.au
mailto:fmarino@csu.edu.au
mailto:jcannon@csu.edu.au
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FACULTY OF SCIENCE 
School of Exercise Science, Sport & Health  
Panorama Avenue  
Bathurst   NSW   2795 
Australia 
Tel: +61 2 6338 6101 

Fax: +61 2 6338 4065 

Email: gwingfield@csu.edu.au 

 
 
 
 
 
 
 

 

 

 

CONSENT FORM 

The effect of anti-inflammatory drugs on cytokine response, exercise performance and recovery 

PRINCIPAL INVESTIGATOR 

Miss Georgia Wingfield (PhD Student) 

School of Exercise Science, Sport & Health  

Charles Sturt University 

0402642684 
gwingfield@csu.edu.au 

  

SUPERVISORS  

Dr Melissa Skein 

School of Exercise Science, Sport & Health  

Charles Sturt University  
(02) 63384430 

mskein@csu.edu.au  

 

Professor Frank Marino  
School of Exercise Science, Sport & 

Health  
Charles Sturt University  

(02) 63384268 

fmarino@csu.edu.au 

 

 Dr Jack Cannon 

School of Exercise Science, Sport & Health  

Charles Sturt University 
(02) 63384334 

jcannon@csu.edu.au  

 

  

 

PURPOSE OF THE STUDY 

The purpose of this study is to examine the effect of non-steroidal anti-inflammatory drugs on cycling performance and 

recovery.   

 

I, (print your name) _________________________________ have read the information contained within this consent form 

and any questions I have asked have been answered to my satisfaction. 

 

I agree to participate in this project, realising I am free to withdraw my participation at any time without being subject to any 

penalty or discriminatory treatment. 

 

I have been given the opportunity to ask questions about the research and received satisfactory answers.  

 

I agree that the purpose of this research and potential risks or discomforts involved with the testing procedures have been 

sufficiently explained to me, with the opportunity to ask questions. 

 

I understand that any information or personal details gathered in the course of this research about me is confidential and that 

neither my name nor any other identifying information will be used or published without my written permission.  

 

I give permission for photographs and video footage to be taken during my data collection session. I understand that 

photographs will be used at a later date for academic presentations (i.e. conferences), however, all persons will be de-

identifiable. 

 

Charles Sturt University’s Human Research Ethics Committee has approved this study. 

I understand that if I have any complaints or concerns about this research I can contact: 

Executive Officer 

Human Research Ethics Committee, Office of Academic Governance 

Charles Sturt University  

Panorama Avenue, Bathurst NSW 2795 

Ph: (02) 63384628 Fax: (02) 63384194 

 

 

____________________________________            _____________ 

 Signature of participant (and parent/guardian if under 18 years of age)              Date  

 

 

___________________________________               ______________ 

 Signature of investigator           Date 

mailto:gwingfield@csu.edu.au
mailto:gwingfield@csu.edu.au
mailto:mskein@csu.edu.au
mailto:fmarino@csu.edu.au
mailto:jcannon@csu.edu.au
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16 February 2016   

   

Miss Georgia Wingfield   

School of Human Movement Studies   

Charles Sturt University   

Bathurst Campus   

   

   

Dear Miss Wingfield,   

   

Thank  you  for  the  additional  information  forwarded  in  response  to  a  request  from  the  Human  Research  

Ethics  Committee  (HREC).   

   

The  CSU  HREC  reviews  projects  in  accordance  with  the  National  Health  and  Medical  Research  

Council’s  National  Statement  on  Ethical  Conduct  in  Research  Involving  Humans.   

   

I  am  pleased  to  advise  that  your  project  entitled  “The  effect  of  anti-inflammatory  drugs  on  cytokine  

response,  exercise  performance  and  recovery”  meets  the  requirements  of  the  National  Statement;;  and  

ethical  approval  for  this  research  is  granted  for  a  twelve-month  period  from  16  February  2016.   

   

The  protocol  number  issued  with  respect  to  this  project  is  2016/017.  Please  be  sure  to  quote  this  

number  when  responding  to  any  request  made  by  the  Committee.   

   

Please note the following conditions of approval:   

   

• all  Consent  Forms  and  Information  Sheets  are  to  be  printed  on  Charles  Sturt  University  letterhead.   

Students   should   liaise   with   their   Supervisor   to   arrange   to   have  these documents printed; 

• you  must  notify  the  Committee  immediately  in  writing  should  your  research  differ  in  any  way  

from  that  proposed.  Forms  are  available  at:   

http://www.csu.edu.au/__data/assets/word_doc/0007/963763/Report-on-Research 
Project_20130503.doc  (please  copy  and  paste  the  address  into  your  browser)   

• you  must  notify  the  Committee  immediately  if  any  serious  and  or  unexpected  adverse  events   or   

outcomes   occur   associated   with   your   research,   that   might   affect   the  participants  and  therefore  

ethical  acceptability  of  the  project.  An  Adverse  Incident  form  is  available  from  the  website:  as  

above;;   

• amendments  to  the  research  design  must  be  reviewed  and  approved  by  the  Human  Research  

Ethics  Committee  before  commencement.  Forms are available at the website above; 

• if  an  extension  of  the  approval  period  is  required,  a  request  must  be  submitted  to  the  Human  

Research  Ethics  Committee.  Forms are available at the website above;   

• you  are  required  to  complete  a  Report  On  Research  Project,  which  can  be  downloaded  as  above,  

by  18  November  2016  if  your  research  has  not  been  completed  by  that  date;   

• You are required to submit a final report; the form is available from the website above.   

   

  

OFFICE OF GOVERNANCE  AND   
CORPORATE AFFAIRS 

   
ACADEMIC  GOVERNANCE    
   
Private  Mail  Bag  29    
Panorama  Avenue    
Bathurst  NSW  2795    
Tel:  +61  2  6338  4185    
Fax:  +61  2  6338  4194       
Email:

     
ethics@csu.edu.au      

http://www.csu.edu.au/acad_sec    
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YOU ARE REMINDED THAT AN APPROVAL LETTER FROM THE CSU HREC CONSTITUTES 

ETHICAL APPROVAL ONLY.   
   

If   your   research   involves   the   use   of   radiation,   biological   materials,   chemicals   or   animals   a separate 

approval is required from the appropriate University Committee.   

   

The  Committee  wishes  you  well  in  your  research  and  please  do  not  hesitate  to  contact  the  Executive 

Officer on telephone (02) 6338 4628 or email ethics@csu.edu.au  if  you  have  any  enquiries.   

   

Yours sincerely   

   

   

   
Julie Hicks   

Executive Officer   

Human Research Ethics Committee   

Direct Telephone:  (02) 6338 4628   

Email:  ethics@csu.ed.au   

Cc:  Professor Frank Marino, Dr Jack Cannon, Dr Melissa Skein   

   

   

   

   

   

This HREC is constituted and operates in accordance with the National Health and  

Medical Research Council’s (NHMRC) National Statement on Ethical Conduct in Human Research (2007)  
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Health, Allergy and Medication Questionnaire 

 

 

To approve participation in the study, we need to know if you have any medication allergies or 

medical conditions. We also need to know what non-prescription medications you take 

regularly.  Your honest answers to the following questions will help protect you against any 

allergic reactions to ibuprofen and interactions with other medications that you may take 

regularly. 

 

Your privacy is important to us. We take all confidentiality regulations in regards to participation 

in the study very serious and will protect this information. 

 

Please complete all sections below using blue or black ink.  Please print and sign at the bottom 

of the page stating that all information is true to the best of your knowledge.   

 

Section 1: Participant Information 

 

Participant Name: __________________  Gender: ___________________  

 

Date of Birth: _____________________  Contact Phone: _____________ 

 

Section 2: Participant medication allergies 

 

Check the box if you have had an allergy or serious reaction to any of the following medications:  

 

 Aspirin and salicylates 

 Codeine (i.e. Tylenol #3) 

 Erythromycin, Biaxin, Zithromax 

 Nonsteroidal Anti-Inflammatory Drugs (NSAIDs) (i.e. ibuprofen, Advil, Motrin) 

 Penicillins (i.e. Amoxil, amoxicillin, cephalexin) 

 Sulfa Drugs (i.e. Septra, Bactrum) 

 Tetracycline antibiotics 

 
If you have an allergy for a drug that is not listed above, print the name below: 

____________________________________________________________________________

____________________________________________________________________________ 

____________________________________________________________________________

____________________________________________________________________________ 
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Section 3: Medical Conditions 

Have you ever been diagnosed with any of the conditions listed below?  Please check the box 

next to if you have. 

 Allergies (hay fever)  Haemophilia  

 Arthritis  High Blood Pressure 

 Asthma  High Blood Sugar (Diabetes type I or 

II) 

 Chest Pain (angina)  High Cholesterol 

 Crohn’s Disease  Inflammatory Bowel Disease 

 Chronic 

Bronchitis/Emphysema 

 Peptic, stomach or duodenal ulcer 

 Heart Attack  Seizures (epilepsy) 

 Stroke  Over/under active Thyroid 

 Neurological Disorders 

(MS/Parkinson’s) 

 Other:_________________________ 

 

Please check the appropriate box if you have any of the following: 

 Metal (or any type) of 

implants in your head/body 

 A pacemaker 

 

 

Section 4: Non-prescription Medications 

Please check the box if you take any of the following over the counter medications regularly:  

 Paracetamol  Ibuprofen/acetaminophen 

 Naproxen  Aspirin 

 Benadryl/diphenhydramine  Other:_______________________ 
 

 

 

I agree that the above answers are truthful to the best of my knowledge. 

Printed Name: _____________________ 

Signature: ________________________ 

Date: ____________________________ 
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FOOD & FLUID DIARY 

Drinking water consistently between Exercise and Recovery trial. 

(needs to be replicated between both trials) 

 

For example: 

Breakfast: 1 cup orange juice, 2x slice of toast with peanut butter 

Lunch: 275 mL chocolate milk, chicken with vegies and rice 

Snacks: fruit, crisp breads i.e. rice-cakes 

Post-testing 

Incl. snacks, meals and 

fluid 

 

 

 

Not to be consumed 

between exercise and 

recovery trials: 

 Caffeinated drinks and food (e.g. Coca-Cola, 

coffee, iced tea/ coffee) 

 Smoking 

 Physical Activity 

 Sleeping (napping) 

 No eating within 90 mins of returning to labs 
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Appendix F 
Subjective Scales 
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Thermal Sensations 

 
0.0  Unbearably Cold 

0.5 

1.0  Very Cold 

1.5 

2.0  Cold 

2.5 

3.0  Cool 

3.5 

4.0  Comfortable 

4.5 

5.0  Warm 

5.5 

6.0  Hot 

6.5 

7.0  Very Hot 

7.5 

8.0  Unbearably Hot 
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RATING OF THIRST 

0  NOT THIRSTY 

1 

2  

3 

4  

5  THIRSTY 

6 

7 

8 

9 

10  EXTREMELY THIRSTY  

SLIGHTLY THIRSTY 

VERY THIRSTY 
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Appendix G 
Photographs  
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A) 

B) 

A + B: Deception exercise protocol as examined in study 1 and 2 (Chapter 3 and 4, 

respectivley)  
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C) 

D) 

Assessment of neuromuscular activation via maximal voluntary contraction exmained in study 3 

and 4 (Chapter 5 and 6, respectively): C) Humac isokinetic dynamometer setup and D) close up 

of EMG electrode placement over muscles of right quadricep 
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E) 

F) 

Exercise in the heat exercise study 3 (Chapter 5): (E) 80 min dehydration protocol (39 °C) and 

(F) 45 min cycling TT (32 °C) 


