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General Abstract 

The understanding of physical performance and the limits of fatigue in man have 

been subject to research for over 100 years, but only in more recent decades has 

attention turned to psychology and the cognitive components of exercise tolerance and 

self-regulation of effort. The overarching aim of this project of research was to 

investigate the self-regulation of endurance performance by utilising contemporary 

research methods. In doing so, the feasibility of using these methodologies to achieve 

this aim was also subject to investigation. Firstly, a mixed-methods approach using the 

think aloud protocol was adopted to observe the thought processes of cyclists during 

exercise, while also investigating the potential for this methodology to interfere with 

task performance. The following chapter features a positional argument for executive 

function and the prefrontal cortex (PFC) as central to the self-regulation of endurance 

performance. Subsequently, a systematic review of literature is presented on the use of 

functional near-infrared spectroscopy (fNIRS) to study PFC oxygenation during self-

paced exercise performance, reviewing both the methodology itself and study findings. 

A case study is then presented of best-practice use of fNIRS to investigate the influence 

of performance feedback and task knowledge on cycling performance and PFC 

haemodynamics. Finally, a field study exploring the self-regulatory capacities of 

endurance performers in real-world settings is presented.  

Keywords: cognition, cycling, executive function, prefrontal cortex, functional near 

infrared spectroscopy, pacing, running, self-regulation, think aloud, time-trial 
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Chapter 1 Introduction  
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Interest in Endurance Performance 

In the broadest sense, endurance exercise is defined by whole-body, dynamic 

exercise that involves a continuous effort lasting for 75 seconds or longer 

(McCormick et al., 2019). Participation in endurance events has risen significantly in 

recent years. A record 43,000 people registered to participate in the London 

Marathon in 2019, toppling the record set the previous year (London Marathon, 

2019). Furthermore, since the inaugural RideLondon-Surrey Sportive in 2013, there 

has been an increase in registered participants year-on-year, with over 100,000 

cyclists signing up in 2017 (Walker, 2017). In addition, since its inception in 2005, 

Parkrun UK has transitioned from running one event to organising a total of 768 5 

km runs across the UK per week (Parkrun, 2022). 
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The growth in popularity of endurance events is reflected in the exponential 

growth in recent years of research conducted to further our understanding of 

endurance performance. To demonstrate this, a search term analysis of publication 

titles in the SPORTDiscus database using the words ‘endurance’ and ‘performance’ 

returned 1457 articles, of which 285 (19.6%) were published within the last five 

years. Moreover, a title and abstract search term analysis of the PubMed database 

revealed a distinct upward trend in publications in recent years (Figure 1.1). 

Although one would expect an increase in research output as the field of sport 

science grows over time, this recent substantial growth in research concerning 

endurance performance demonstrates a particular, heightened interest in recent times. 

Figure 1.1 PubMed Publication Count Between 1992-2022 Featuring ‘Endurance’ 

and ‘Performance’ Within the Title and Abstract. 
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This interest is driven by the importance of such research from the top to the bottom 

of the participation pyramid. For instance, aerobic exercise has clear benefits to both 

physical (Posadzki et al., 2020) and cognitive health (Erickson & Kramer, 2008). 

Likewise, an understanding of the physiological determinants of endurance 

performance (Joyner & Coyle, 2008) could help guide advances in training methods 

and talent ID programs.   

Pacing of Endurance Performance  

Pacing has been conceptualised as the optimal management of resources 

across an exercise task to achieve one’s objective (Foster et al., 1994). Athletes have 

the volitional control to select from all exercise intensities, ranging from rest to 

maximal effort possible at any given moment (Renfree & Casado, 2018). Effective 

pacing is crucial to endurance performance; for instance, a high motivational drive 

could be indulged without due regard for homeostatic control, risking premature 

neuromuscular failure (St. Clair Gibson et al., 2013). In contrast, pacing which is too 

conservative will result in a greater chance of race completion, but underutilization 

of resources, resulting in underperformance through sub-optimal pacing. In addition, 

the importance of pacing to endurance performance is evident in the absence of the 

intellectual capacity to self-regulate effort. Research has demonstrated that elite 

runners with intellectual impairments (i.e., an intellectual quotient ≤ 75) exhibited 

greater velocity fluctuations in 400 m and 1500 m running events when compared to 

athletes without intellectual impairments, and when compared to pacing profiles 

exhibited in world-record performances (Van Biesen et al., 2016).  

Several studies have recently investigated the pacing strategies of endurance 

performers (e.g., Abbiss & Laursen, 2008; Angus, 2014; Hanley, 2014, 2015; 

Renfree et al., 2016; Renfree & St. Clair Gibson, 2013; Van Biesen, et al., 2016). 

Abbiss and Laursen (2008) provide a comprehensive overview of pacing strategies 

adopted in competition as a function of event duration and length (Figure 1.2). 

Firstly, under stable conditions (e.g., consistent weather and flat terrain), a constant 

pace is preferable for events lasting above 2 minutes. This is evident in a 1-hour 

track cycling world record attempt (Figure 1.2b), as the athlete maintains a 
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 constant pace, with a conscious effort to ensure little variation from target speed (53 

km/hour). For events shorter than 30 seconds, an ‘all-out’ pacing strategy may be 

optimal (Figure 1.2a). In such events, participants often spend a large percentage of 

the event in the acceleration phase and therefore at submaximal speed, before 

reaching peak velocity and gradually declining (Wilberg & Pratt, 1988). Given the 

above and the fact that the kinetic energy required in the acceleration phase is 

disproportionately greater than maintaining velocity (van Ingen Schenau et al., 

1992), this phase is crucial to performance. Furthermore, given the duration of the 

event, conscious decision-making with respect to a pacing strategy is done pre-

performance with little room for adjustment in-event.  

2b. Even pacing  

2e. Parabolic pacing  

2a. All-out pacing  

2c. Negative pacing  2d. Positive pacing  

Note. Reused with permission from Abbiss and Laursen (2008). 

 

Figure 1.2 Observed Pacing Strategies in Endurance Performance. 
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Other pacing strategies have been documented for a variety of endurance 

disciplines. A negative pacing profile (Figure 1.2c) is often observed for middle-

distance events (e.g., running > 3000 m) and is generally characterized by a 

progressively faster pace across the duration of the event. This strategy is thought to 

be effective as it reduces the risk of premature failure through preserving 

carbohydrate levels (Abbiss & Laursen, 2005) and preventing excessive oxygen 

consumption (Sandals et al., 2006) in the earlier stages of a race. Conversely, a 

positive pacing profile (Figure 1.2d) is characterized by a progressively slower pace 

across the duration of the event and is often exhibited in shorter swimming and 

rowing events, presumably due to the relatively short time spent in the acceleration 

phase. It is considered a riskier strategy given the greater oxygen uptake, fatiguing 

metabolites accumulated and higher rating of perceived exertion (RPE) observed 

(Thompson et al., 2003). In addition, a positive profile is often observed in ultra-

endurance events, which is thought to occur due to glycogen depletion and 

alterations in substrate utilization, neuromuscular fatigue, and rising perceived 

fatigue and exertion levels over the duration of the event (Abbiss & Laursen, 2005). 

However, given the complexity and variability of these events, it is difficult to assess 

pacing strategies. Lastly, more contemporary commentary has highlighted a potential 

oversimplification of pacing strategies described above. This commentary includes 

‘J-’, ‘U-’, and ‘reverse J-shaped’ pacing strategies (Figure 1.2e), whereby athletes 

tend to reduce pace from the start of the event before increasing pace in the latter 

stages. These pacing strategies are typically characterized by an end-spurt: a 

reservation of energy which enables a tactical increase in pace in the latter stages of a 

race (Tucker et al., 2006). 

Moving on, Renfree and St. Clair Gibson (2013) presented evidence to 

demonstrate how pacing strategies explain variance in endurance performance. 

Competitors in the 2009 IAAF Marathon Championship were split into quartiles 

based on their finishing times. Group one finishers ran a significantly lower 

percentage of their personal best speed in the first 10 km, and a higher percentage 

from 35 km onwards compared to the other groups. Moreover, a smaller variation in 

mean speed was evident for group one finishers relative to their competitors. Thus, a 

more even pacing strategy, with little requirement for adjustment, would appear to be 

most optimal for a marathon. Groups two, three and four exhibited a more 
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pronounced positive pacing profile: the second half of the race ran at a slower pace 

than the first. Thus, it is feasible to suggest that lower-placing runners selected initial 

running speeds that were unsustainable for the entire race, compromising 

performance and leaving less room for error. The findings were extended to an 

analysis of a 100 km World Masters Championship race, examining the pacing 

profiles of senior (age > 40 years) competitors (Renfree et al., 2016). In addition, 

Angus (2014) has analysed two recent in-competition achievements of marathon 

world records. Although there was little appreciable slowing of pace throughout both 

efforts analysed, both runners opted for different pacing strategies. One runner 

exhibited a parabolic U-shaped pacing strategy; while the other runner exhibited a 

sinusoidal (i.e., oscillatory) pacing strategy. As our understanding of pacing 

advances, we may better comprehend these differences. For instance, research has 

found athletes select a pacing strategy in line with their physiological condition 

(Hettinga et al., 2012). 

Alongside running, researchers have also investigated optimal pacing 

strategies across various distances within cycling, with a particular focus on track 

cycling. For shorter distances such as the 400 m event, pacing is characterized by an 

initial sharp acceleration followed by a progressive decline in pace (Corbett, 2009; 

Craig & Norton, 2001). This phase is key to performance as a correlation was 

observed between the first lap time and final time for the top eight finishers in the 

400 m event at the world championships (de Koning et al., 1999). Starting pace is 

also crucial for 3 km and 4 km individual pursuit events, although to a lesser extent 

(Corbett, 2009; Craig & Norton, 2001). These events are characterized by a more 

evenly paced profile, with the best performers better able to minimize any 

oscillations in power output (PO) that reflect positioning on the track (i.e., bends vs. 

straight sections; Craig & Norton, 2001). Therefore, research has effectively detailed 

the optimal pacing strategies across various exercise domains and distances. Now 

that we understand what, the next logical question to ask is why. Justifiably, 

explorations to better understand the regulation of endurance performance have long 

been theorized, with several important recent developments.  
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Models of Endurance Performance  

Moving Beyond Catastrophe Models  

Now referred to as ‘catastrophe’ or ‘peripheral’ models of exercise, seminal 

work proposed that fatigue develops when the heart is unable to produce a cardiac 

output sufficient to cover the exercising muscles’ increased demand for oxygen (Hill 

& Lupton, 1923). According to the researchers, this results in a state of skeletal 

muscle anaerobiosis, with lactic acid ‘poisoning’ the muscles and impairing their 

function. Hill and his team suggested that directly prior to exhaustion, whole-body 

oxygen consumption reaches a maximum value: the maximum oxygen consumption 

(VO2max). However, more contemporary research has demonstrated VO2max to be a 

poor predictor of athletic ability among cyclists (Lucía et al., 1998) and research has 

not demonstrated heart capacity (to transport and consume oxygen) to explain 

variance in athletic endurance ability (Billat et al., 2003). In addition, the model 

attributes no role to psychological factors in human endurance exercise performance. 

Building on this seminal research, Joyner and Coyle (2008) have provided an 

overview of the physiological characteristics that contribute to endurance 

performance. Specifically, they conclude that maximum oxygen consumption, lactate 

threshold and economy (or efficiency) are the key factors predicting endurance 

performance. However, the authors acknowledge that a complex interplay between 

motivational and social factors (e.g., competitor’s behaviour) further contributes to 

explaining differences in athletic performance. Hence, in the absence of accounting 

for these factors, no model can adequately explain decision-making processes 

involved in pacing. 

There is mounting evidence to suggest that the above models cannot fully 

explain how endurance exercise is regulated. The most pertinent evidence relates to 

the catastrophe model premise that all available motor units must be recruited in 

active muscles at exhaustion. However, neurophysiologists have reached a consensus 

that a progressive reduction in force production during prolonged exercise is 

principally attributable to reduced central neural command (Gandevia, 2001). 

Moreover, as St. Clair Gibson and Noakes (2004) highlight, if peripheral models of 

fatigue are correct, what is the teleological value (i.e., natural purpose) of sensations 

of fatigue as exercise workload increases? Relatedly, such models are unable to 

account for the observed pacing strategies described above. Catastrophe models 
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predict that fatigue progresses inexorably during prolonged exercise, with the highest 

fatigue experienced by athletes occurring directly prior to exhaustion. Were this 

premise true, athletes would be unable to increase their pace (e.g., PO) towards the 

end of a race to produce an ‘end spurt’ (Tucker et al., 2006). In sum, catastrophe 

models promote a concept of ‘brainless’ physiology (Noakes, 2008) and provide 

little scope for the function of the brain in the regulation of endurance exercise 

performance. 

Research has also focussed on the role of consciousness in the self-regulation 

of endurance performance (Micklewright, Kegerreis et al., 2017). Early efforts to 

address this gap in knowledge proposed a dichotomous view, whereby minor 

homeostatic changes influence pacing behaviour at the unconscious or subconscious 

level, and larger homeostatic disturbances are consciously perceived and pacing 

behaviour is adjusted accordingly (Edwards & Polman, 2013). On the contrary, 

Micklewright, Kegerreis et al. (2017) believe this dichotomy is unhelpful, given that 

the unconscious has long been purported to give rise to subconscious and conscious 

states (Freud, 1900). This is evident in research highlighting organic shifts in 

attentional focus as a function of task duration or exercise intensity (Hutchinson & 

Tenenbaum, 2007). Here, attentional focus is directed to stimuli previously held in 

the subconscious, biased by interceptive cues during exercise. As a result, 

Micklewright, Kegerreis et al. (2017) proposed a dual-process approach to the 

quagmire of conscious influence over pacing. Through this lens, it is proposed that 

decisions are made under intuitive, automatic processes, or under deliberate, 

cognitively taxing executive control. Through both means, people develop heuristics 

(i.e., cognitive shortcuts) to selectively attend to what they perceive to be valuable 

information (when information is abundant) to simplify decision-making. Evidence 

to support this notion can be found in research demonstrating the influence of 

competitor behaviour on participant’s own pacing strategy (Williams et al., 2015). In 

addition, there is burgeoning evidence to support the role of executive function (i.e., 

goal-directed cognition), and therefore the processing of heuristics developed under 

deliberative means, being important in the self-regulation of endurance performance 

(Hyland-Monks et al., 2018). Hence, the dual-process approach can account for 

optimal and suboptimal performance determined by the usefulness of heuristics 

employed by an athlete.  
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Central Governor Model 

In response to the lack of psychological representation within past models, 

the central governor model (CGM) was first proposed by Noakes and colleagues 

(Noakes, 2004, 2012a, 2012b). The ‘central governor’ subconsciously modulates 

motor unit recruitment based on a pacing strategy that functions to ensure that 

humans exercise in reserve and terminate exercise prior to catastrophic failure of 

homeostasis (e.g., myocardial ischemia resulting from insufficient blood flow to the 

heart). Afferent feedback (e.g., regarding metabolic rate and heat production) 

determines a subjective perception of fatigue that governs motor recruitment (i.e., a 

feedforward mechanism). Motor recruitment can be influenced by centrally acting 

modifiers, which encompasses “potentially everything” (Noakes, 2012b, p.6); thus, 

such modifiers could include pre-exercise biological status (e.g., mental or physical 

fatigue), cognitive and psychological factors (e.g., self-efficacy), and chemical 

agents (e.g., stimulants, such as caffeine). The model suggests that fatigue is a 

subjective sensation, analogous to an emotion, used to regulate exercise performance. 

Afferent feedback from numerous physiological systems is collated to determine a 

‘conscious RPE’. This RPE is continuously compared to a subconscious ‘template’, 

which is developed to gauge the expected exertion to be experienced at given points 

during exercise of a known distance (often referred to as ‘end-point’ knowledge). 

Therefore, the regulation of exercise is determined by the adjustments of PO to 

minimise the discrepancies between actual and expected RPE, which is biologically 

linked to ensure homeostatic stability. More recently, the CGM has been adapted to 

incorporate the notion that high levels of motivation can ‘override’ the central 

governor (Evans et al., 2016). Although such situations may result in injuries, there 

are circumstances in which it would be evolutionarily adaptive to remove or modify 

the limits set by the central governor (e.g., in emergency fight or flight operations). 

Thus, in the context of exercise, a high level of motivation may allow the most 

committed of athletes to muster sufficient motivational levels to override the 

governor, risking serious illness or injury.  

However, staunch critiques of the model, such as Inzlicht and Marcora 

(2016), highlight the difficulties the CGM faces in explaining fatigue and self-control 

failure. In seminal work, Baumeister et al. (2007) demonstrated that there is a 

‘limited pool’ of self-control (i.e., the ability of the self to exert control over the self), 
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which depletes with use, whether it be through physical or mental effort. This leads 

to a reduced capacity for further self-regulation: an effect termed ego-depletion. In a 

sporting context, self-control levels have been observed to decline over time during 

motor performance (i.e., repeated bouts of target shooting; Englert, Dziuba, Wolff, & 

Giboin, 2021). Glucose consumption is a key indicator of mental effort exerted; 

however, it is not considerably higher during the completion of effortful tasks, 

relative to the basal metabolic rate (Kurzban, 2010). Thus, if effortful mental tasks 

do not significantly deplete energy resources, what role does a central governor play 

in self-regulation, if self-regulation is to be partly determined by monitoring energy 

expenditure? In addition, if the ultimate function of the central governor is the 

maintenance of homeostasis, why is it so easily overridden? For instance, the use of 

motivational self-talk resulted in significant improvements in time-trial (TT) 

performance (Blanchfield et al., 2014). This seems to contradict the CGM, which 

suggests that such motivational override is exclusively reserved for the most extreme 

circumstances, such as high-stakes competition or life-threatening situations. 

Marcora (2009) has also collated evidence to suggest that afferent feedback from 

locomotor muscles is not a key determinant of endurance performance; one of the 

central tenants to the CGM. Pertinently, across several studies, a spinal blockade on 

III-IV receptors that are sensitive to fatigue-inducing metabolites did not reduce 5 

km cycling TT performance (Amann et al., 2008, 2009). Considering this critique, 

Marcora (2010) has proposed the psychobiological model of endurance performance. 

Psychobiological Model 

According to Marcora (2010), the psychobiological model elucidates how the 

self-regulation of endurance performance is explainable in psychological terms, 

underlined by low-level neurobiological processes. The psychobiological model is an 

effort-based decision-making model and postulates that the conscious regulation of 

pace is determined primarily by effort perception and potential motivation. Effort 

perception is defined by a person’s perception of how strenuous physical activity is. 

Potential motivation is defined as the maximum amount of effort a person is willing 

to exert to succeed at a given task. Thus, in theory, any physiological or 

psychological manipulation that increases/decreases potential motivation and/or 

increases/decreases effort perception allows an individual to consciously regulate 

pace, ultimately helping to optimise their pacing strategy.  
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The adverse effects of mental fatigue on physical performance have been 

presented as evidence to support this theoretical premise. Mental fatigue has been 

defined as the prolonged effect of mental exertion on mood (e.g., sensations of 

tiredness, or a lack of energy) and/or performance of tasks requiring vigilance or 

other effortful cognitive processes (Boksem & Tops, 2008). Pertinently, the adverse 

effect of mental fatigue has been extended to the performance of physical endurance 

tasks, as summarised in Van Cutsem et al.'s (2017) review. Studies reviewed 

typically compared the effects of a prolonged and cognitively demanding task (e.g., 

the incongruent Stroop task) to a less demanding task (e.g., the congruent Stroop 

task) on subsequent endurance performance. Research has demonstrated a decrease 

in 5 km (Pageaux et al., 2014) and 3000 m running performance (MacMahon et al., 

2014), a decrease in cycling PO at both light and hard intensities (Brownsberger et 

al., 2013), and a decrease in velocity achieved during intermittent running 

performance (Smith et al., 2015) under conditions of mental fatigue. Perception of 

effort was either higher under conditions of mental fatigue or unchanged for the same 

performance level. Inferring from the collated findings, Van Cutsem et al. (2017) 

suggest that perception of effort plays a significant mediating role in the negative 

effect of mental fatigue on physical endurance performance.  

Despite sharing a role for psychology in the governance of pacing, the 

evidence base supporting the psychobiological model could be considered an 

antithesis for the basis of the CGM; the model postulates that effort perception is 

generated independently of afferent feedback from the locomotor muscles, heart, and 

lungs. Several studies have looked at effort perception and physiology during 

endurance exercise. For instance, research has shown that perception of effort was 

unchanged or increased during cycling exercise despite the use of a calcium channel 

β-adrenergic blockade to slow heart rate (Myers et al., 1987). It has been suggested 

that perception of effort is a ‘sensation of innervation’, in which corollary discharges 

from the central motor command are processed in the sensory areas of the brain 

(Marcora, 2009). Supporting this postulation, the dyspnoea experienced when 

exercising strongly reflects one’s sense of respiratory effort; this respiratory 

sensation is generated by corollary discharges of the central motor commands to the 

respiratory muscles (O’Donnell et al., 2007). Subsequently, evidence that perception 

of effort is generated in premotor and motor areas of the brain comes from research 
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demonstrating simultaneous increases in effort perception, electromyogram, and 

movement-related cortical potential amplitudes as weight lifted and fatigue increased 

during the performance of dynamic elbow flexions (de Morree et al., 2012). 

Although, it should be noted that a dynamic elbow flexion protocol is likely to have 

different physiological, neuromuscular, and neuropsychological effects than whole-

body dynamic exercise, such as running. Figure 1.3 highlights the key differences 

between the CGM and psychobiological model with respect to how effort perception 

influences the self-regulation of endurance performance.  

Finally, a criticism of the CGM and the psychobiological model is their 

overreliance on the concept of perceived exertion or effort, which has become a topic 

for debate on conceptual and methodological grounds (Halperin & Emanuel, 2020). 

This is demonstrated by the measurement and interpretation of RPE being 

confounded by the interchangeable use of ‘effort’ and ‘exertion’, which are distinct 

but interrelated concepts (Abbiss et al., 2015). Promisingly, attempts have been made 

to isolate perceived physical symptoms by adapting the RPE scale to only reflect 

physical strain, and the development of a new scale to assess mental sense of effort 

exclusively: the task effort and awareness scale (Swart et al., 2012). Cyclists could 

differentiate between the two scales during submaximal workloads, but not during 

time to exhaustion tests and full-effort TT’s. This suggests that perceived physical 

and mental strain can be experimentally dissociated.  

Note. Reused with permission from Marcora (2009). 

Figure 1.3 A Schematic Diagram of the Afferent Feedback (A) Versus Corollary 

Discharge (B) Model. 
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Recently, Venhorst and colleagues (Venhorst et al., 2018) have proposed a 

three-dimensional framework to combat the critique of oversimplification in the 

proposed models above. Firstly, perceived physical and mental strain are the salient 

regulators or pacing behaviour, and are necessary to align behaviour with goals and 

intentions (e.g., pre-race strategy). Core affect (i.e., valence and arousal) is proposed 

to play a mediatory role. A notable adjunct here is the dual-mode hypothesis, which 

postulates that a change from a positive to negative affective state occurs around the 

ventilatory threshold (Ekkekakis, 2005), a point at which executive control of affect 

is predominated by the salience of physiological feedback. Lastly, cognitive 

flexibility is required in ‘action crisis’ (e.g., being unable to maintain the pace of 

opponents), driven by a psycho-neuroendocrinological distress response, to self-

regulate pace when race goals need to be recalculated. 

Cognition and Endurance Performance 

Cognition, Thought Processes and Think Aloud  

Given the increasing integration of psychology into models of endurance 

performance, recent research has begun to investigate the nuance of cognitive 

processes that underlie the governance of pacing. Brick, MacIntyre, and Campbell 

(2016) argue that the dual-mechanisms of control framework (Braver et al., 2007) is 

a useful prism by which to assess the cognitive processes involved in pacing. The 

framework postulates that there are two modes of cognitive control: proactive and 

reactive control. Proactive control involves the goal-directed processing of 

information so that attention, perception (e.g., RPE), and action (e.g., maintaining 

pace) are biased favourably toward goal obtainment. Reactive control is automatic 

and transient, and only engaged when required (e.g., to adjust PO to catch a 

competitor). Relative to proactive control, reactive control is less demanding of 

cognitive resources (e.g., executive functions). Following on, according to Brick, 

Campbell et al. (2016), metacognitive skills (i.e., planning and monitoring) and 

experiences (i.e., feelings and judgments) are key to the self-regulation of endurance 

performance. Planning may incorporate goal setting and strategizing, such as 

establishing a pacing profile to follow (e.g., split times to aim for), and selection of a 

psychological intervention to use during a race (e.g., motivational self-talk). 

Monitoring could involve athletes developing a means of prioritizing sensory 

information (e.g., noticing an opponent tiring) to optimize performance (e.g., 
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increasing the pace to overtake an opponent). In addition, internal (e.g., pain in the 

legs) and external (e.g., competitors’ whereabouts) stimuli generate implicit and 

explicit metacognitive feelings (e.g., pace feels quick and easy). Where conscious, 

these feelings can inform an athlete’s representation of the task at hand (e.g., the pace 

is too slow) which can aid decision-making (e.g., increase the pace to distance 

opponents). An athlete can then metacognitively appraise the decision (e.g., 

opponent successfully distanced, so maintain pace). The notions above form part of 

the broader metacognitive framework of attentional focus and cognitive control for 

exercise self-regulation (Brick et al., 2014), covered in further detail in subsequent 

chapters. 

Brick and colleagues (Brick, Campbell et al., 2016) have experimentally 

tested their proposed framework. During a 3 km run, participants reported cognitive 

strategies that were suggestive of reactive (e.g., a focus on pacing and subsequent 

adjustments) and proactive (e.g., ‘chunking’ or segmenting of the race) forms of 

control. When the pace was externally controlled using a representation of previous 

performance, strategies adopted (e.g., relaxation and optimizing form) indicated that 

participants predominately utilized reactive control. This was coupled with a 2% 

decrease in heart rate (an indication of greater economy). These observations were 

taken as a reflection of the difference in cognitive strategies adopted, and thus a 

reduced engagement of executive function by participants. Notably, there is overlap 

between the dual-mechanism concept of proactive and reactive control proposed 

here, and deliberate and automatic processes proposed by Micklewright and 

colleagues above (Micklewright, Kegerreis et al., 2017). More recently, Brick et al. 

(2019) tasked trained runners with completing a 3000 m treadmill run with both a 

‘known incline’ (KI), where the last 800 m was completed at a 7% gradient, and an 

‘unknown incline’ (UI), which was completed under the same conditions but 

participants were unaware of the gradient change. Relative speed was slower 

between 200-2200 m in the KI than UI trial, resulting in a slower performance by 14 

seconds at the 2200 m mark. Subjects focussed more on pacing at the 1000 and 2000 

m marks in the KI compared to UI trial. In addition, in the final 800 m, motivational 

thoughts were more prevalent in UI relative to the KI trial; relaxation and ‘chunking’ 

techniques were used more in the KI than UI trial. Therefore, a greater focus on 

pacing is required when a conservation of energy is salient (i.e., KI), and self-
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regulatory techniques (e.g., motivational self-talk) are utilised more when confronted 

with an unexpected challenge (i.e., UI). Here, evidence is presented that 

demonstrates how prior and in-event planning and monitoring of pacing behaviour is 

influenced by anticipated task difficulty, alongside judgments and expected feelings 

of completing a flat versus unexpectedly hilly finish to a running challenge.  

In both studies highlighted above, participants were asked to recall their 

thought processes retrospectively, albeit with the aid of cues (which itself could be 

considered a problem of bias). Such retrospective methods are subject to several 

limitations, most notably inaccurate or unreliable recall (Nicholls et al., 2008). 

Research within sport has recently begun to explore methodologies that 

circumnavigate this problem. There is a burgeoning field of research that has adopted 

the think aloud (TA) protocol to capture the thought processes of those completing 

endurance activities (Massey et al., 2020; Samson et al., 2017; Whitehead et al., 

2017, 2018). Briefly, TA involves verbalizing thoughts as they are experienced 

during task performance: concurrent reporting (Eccles & Arsal, 2017). Using TA, in 

both field and laboratory experiments, researchers have begun to investigate how the 

thought processes of endurance performers relate to physiological parameters, 

trained status (i.e., expert vs. novice comparisons) and task dynamics (e.g., stage of 

the race). Moreover, using TA, research has explored the thought processes of 

endurance performers concerning the metacognitive processes described above. As 

TA will form the methodological backbone of the next chapter, it would be prudent 

to assess its usefulness in achieving the above. This caution is warranted as 

interference (i.e., reactivity) effects from using TA on the primary task at hand have 

been observed in other domains (Fox et al., 2011), but discussion of these effects in 

sports performance settings is limited.  

In building on the work above, the research featured in Chapter 2 will 

converge on an overarching aim: What does the verbalisation of thoughts, captured 

via TA, contribute to our understanding of the self-regulation of pacing? This aim 

can only be achieved if TA does not compromise endurance performance, which will 

be subject to investigation. Moreover, this aim can only be realised if we accept that 

conscious verbalisation of thinking is sufficiently representative of attentional focus, 

cognition and thought processes occurring ‘in the moment’, which will also be 

discussed.   
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The Prefrontal Cortex, Executive Function and Functional Near-Infrared 

Spectroscopy (fNIRS) 

In parallel to the research presented above, neuropsychological research is 

shedding light on the important brain structures involved in aerobic exercise 

regulation. The prefrontal cortex (PFC) is of particular interest, which is implicated 

in executive function: defined as a top-down regulation of ‘lower-level’ cognitive 

processes to aid goal-directed behaviour (Alvarez & Emory, 2006). Cerebral activity 

of the PFC has been measured via functional near-infrared spectroscopy (fNIRS), 

which is a non-invasive technology used to measure the absorption spectra of 

oxyhaemoglobin and deoxyhaemoglobin (Villringer et al., 1993). Greater detail on 

fNIRS will be provided in the coming chapters. A review into the relationship 

between incremental exercise and cerebral oxygenation, as measured by fNIRS, 

highlighted that PFC activity changes as a function of exercise following a quadratic 

trend (Rooks et al., 2010). PFC oxygenation increases at low-to-moderate intensities 

and stabilised at moderate-to-hard intensities, before declining at near maximal and 

exhaustive intensities.  

The reticular activating hypofrontality (RAH) model (Dietrich & Audiffren, 

2011) postulates specific neurological phenomena concerning PFC activity during 

exercise. The model works on the premise that whole-body dynamic exercise is 

metabolically costly, and neural processing, requiring the brain’s limited metabolic 

resources, continually occurs on a competitive basis. As a result, there is a 

compensatory transient downregulation in brain areas involved in higher-order 

cognition (i.e., the PFC) to brain regions more important for the control of movement 

during exercise: motor, sensory and autonomic areas (Figure 1.4.). In addition, the 

greater the duration, and to a lesser extent, intensity of exercise, the greater the 

hypofrontality effect. Due to this hypofrontality, the model predicts that cognitive 

processes (i.e., top-down, goal-driven processes) will be compromised during 

exercise, and therefore the self-regulatory processes that are key to pacing. The 

strongest neurological evidence to date comes from animal studies demonstrating a 

hypofrontality effect during exercise. An increase in local glucose substrate 

utilization was found for all but a few select brain areas, including the PFC, when 

rats exercised for 30 minutes on a treadmill at 85% maximum oxygen uptake 

(Vissing et al., 1996). Although similar work in humans is not possible due to ethical 
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and practical reasons, both electroencephalogram (EEG, e.g., Nybo & Nielsen, 2001) 

and fNIRS (Thomas & Stephane, 2007) methods have indicated patterns of 

deactivation in prefrontal areas during aerobic exercise in line with workload 

intensity. In further support of the model, Dietrich and Audiffren (2011) collated 

research that demonstrates an impairment to prefrontal-dependent cognition, but not 

general cognitive processes, as a result of exercise.  

However, research to date has predominately focussed on evolutionary 

perspectives (Dietrich & Audiffren, 2011) and how this may relate to hedonic tone 

(Ekkekakis, 2009). Little research has bridged the gap between neuropsychology and 

the self-regulation of self-paced endurance activities, and therefore the importance of 

executive function to endurance performance. For instance, faster ultra-marathon 

runners (i.e., those with faster finishing times) demonstrated superior executive 

function than slower runners (Cona et al., 2015). Research has also demonstrated that 

the mental fatigue effects described above (induced by prolonged prefrontal 

dependent testing) impacted TT performance more in professional cyclists versus 

recreationally active controls (Martin et al., 2016). In addition, research has observed 

fNIRS parameters to be strongly correlated with cycling PO in TT performance 

(Wingfield et al., 2018). This research suggests that there is a relationship between 

the PFC, executive function and endurance performance, possibly through the 

metacognitive processes highlighted above. This evidence base will be detailed 

further in subsequent chapters, alongside the role of the PFC and executive function 

Note. Reused with permission from Modi et al. (2017). 

Figure 1.4 The Cerebral Cortex. 
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in endurance performance. Lastly, it is important to note that much of the evidence 

presented above is collated using the aforementioned fNIRS technology. This type of 

neuroimaging is a relatively recent development in sports science, with potential 

issues around movement artefacts during exercise (Herold et al., 2018). Therefore, as 

with TA above, it would be prudent to investigate how confident we can be in 

exercise-based research findings derived via fNIRS.  

The second overarching aim of this thesis is to investigate the neurocognitive 

underpinnings of the self-regulation of endurance performance. Chapter 3 will gather 

evidence from studies measuring cognition and PFC activity to investigate their 

contribution to pacing behaviour. Furthermore, to achieve this aim, it is important to 

establish the feasibility of measuring PFC activity by fNIRS during self-paced 

performance, which will be subject to inquiry in Chapter 4. Following on, with 

effective use of fNIRS, Chapter 5 will provide an example of how fNIRS can be used 

to investigate the function of the PFC in self-regulating cycling performance.  

Self-Regulation in Real-World Exercise Settings  

Given the limitations placed on research practices related to the pandemic 

from March 2020, planned laboratory work was no longer an option for the 

foreseeable future. As such, data collection for the research presented in Chapter 5 

was halted. Therefore, a case study is detailed as opposed to a full experiment, as 

initially intended. However, these changes also provided an opportunity to conduct a 

different type of research, away from the labs and in the field, taking advantage of 

endurance performer’s natural training routines. Although this work would take a 

more exploratory approach, in contrast to the more experimental work presented 

beforehand, it has the advantage of more accurately capturing performer’s 

psychology in real-life exercise settings. Moreover, it allowed the researcher to take 

a ‘step back’ to observe how variables of interest interact in the real-world to inform 

more finely tuned investigations to follow (Bishop, 2008). 

Previous chapters outline how self-regulatory processes are key to the 

decision-making and pacing of endurance performance (Hyland-Monks et al., 2018, 

i.e., Chapter 3). Through these chapters, it is argued that prefrontal areas are in part 

responsible for the top-down executive control of pacing behaviour (Hyland-Monks 

et al., 2018, 2022) and exercise tolerance (Robertson & Marino, 2016). Although this 
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work has addressed executive functions and synonymously, metacognitive processes 

(Brick, MacIntyre, & Campbell, 2016), little attention has been paid to self-control 

capacities and their impact on endurance performance regulation.  

As previous highlighted, resource-based models of self-control (Baumeister, 

2002) centre around the notion that self-control resources are limited and can be 

depleted with use. State self-control has been shown to deplete over time in line with 

motor performance (Englert, Dziuba, Wolff, & Giboin, 2021), with elite athletes 

appearing better able to stave off these effects over time (Englert, Dziuba, Giboin, & 

Wolff). However, to date, no such measures have been used in earnest to assess self-

control among endurance performers. It would seem plausible that the unique 

demands of endurance sport would be demanding of self-control resources. For 

instance, the need for proactive and reactive control (Brick, MacIntyre, & Campbell, 

2016) to continually pace effort using performance feedback, whilst also reacting to 

opponent’s behaviour. This places a heavy demand on attentional resources (Brick et 

al., 2014), with boredom-inducing long-distance exercise linked to aversive 

experiences in competition (Weich et al., 2022), and a high prevalence of mind-

wandering reported among endurance athletes (Latinjak, 2018). Therefore, self-

control losses could have deleterious effects on performance.  

As a result, the final overarching aim of the thesis is to capture the self-

regulatory processes contributing to endurance performance and pacing within 

performer’s natural training routines. Moreover, to investigate how self-control 

resources impact attentional control and affective responses related to exercise.  

Summary  

In summary, there is a continued and burgeoning interest in understanding 

endurance performance across sport science. Pertinently, theories developed to 

understand pacing phenomena have begun to centre around psychological factors. 

This research has taken neuropsychological and cognitive approaches, which involve 

the importance of metacognitive processes and the top-down self-regulation of 

pacing from the PFC. Adopting TA and fNIRS methodologies, this thesis will 

attempt to establish what people say (and can consciously verbalise), and what brain 

activity (a subconscious reflection of active regions) can reveal about the self-

regulation of endurance performance. Given the relative novelty of these 
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methodologies to endurance performance research, the feasibility of these methods 

will also be investigated. Lastly, a ‘step back’ will be taken to explore the 

contribution of self-regulatory processes to endurance performer’s perceptual 

experiences in training. 
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Chapter 2 Using Think Aloud to Investigate the Relationships Between 

Cognition, Psychophysiology, and Self-Paced Cycling Time-Trial Performance: 

A Methodology Examination
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Abstract  

Think aloud (TA) has been used to capture cyclist’s thought processes during 

time-trial performance, however, the feasibility of using TA in such settings has not 

been empirically investigated. Therefore, this research aimed to investigate the 

impact of TA on cycling time-trial performance (i.e., reactivity). It was predicted that 

using TA would negatively impact performance. The research also sought to 

investigate the associations between thought processes, cognition, psychophysiology, 

and cycling performance to better understand the psychology of pacing behaviour. 

Eight endurance trained cyclists and eight non-endurance but physically active 

participants completed a 16 km baseline, No TA, and TA cycling time-trial. 

Perceived exertion and affect were measured during, and cognitive functioning (i.e., 

flanker task) before and after trials. Saliently, no difference in finish time was found 

between the TA and No TA conditions (p = .72, ηp² = .010), suggesting that TA does 

not adversely affect endurance performance. However, flanker task performance was 

slower after the TA versus No TA time-trial, but not significantly. Interoceptive and 

self-regulatory verbalizations increased, whilst distraction-related verbalizations 

decreased as the time-trial progressed. This possibly reflects an external-to-internal 

shift in attention and subsequent self-regulatory efforts. This is reinforced by greater 

distraction-related verbalizations in a positive versus negative affective state. Power 

output verbalizations were significantly higher for trained cyclists versus their non-

trained counterparts. Methodological, theoretical, and applied implications are 

discussed. 
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Introduction  

Think aloud (TA) involves verbalizing thoughts as they are experienced 

during task performance (Eccles & Arsal, 2017). It is suggested that verbalizations 

reflect at least a subset of thoughts encoded in short-term memory concerning task 

performance (Ericsson & Simon, 1980). This ‘heeded’ information is commensurate 

with level 1 and 2 verbalization, with the salient difference being the simple 

verbalization of inner speech (level 1), as opposed to the vocalisation of inner 

thought processes (level 2). Anything beyond this (e.g., reflective processes) is 

considered level 3 verbalization. 

TA has recently been used to capture thought processes during endurance 

exercise activities (Massey et al., 2020; Samson et al., 2017; Whitehead et al., 2017, 

2018). Seminal fieldwork by Samson et al. (2017) instructed runners to use TA for a 

self-paced outdoor run. Thoughts regarding pacing and discomfort were most 

frequent, and coping strategies were adopted to maintain pace and manage pain. 

Thoughts relating to the environment were speculated to function as a distraction 

from discomfort. A further study by Whitehead et al. (2017) asked club-level cyclists 

to use TA during a full-effort 16.1 km outdoor time-trial (TT). Fatigue and pain 

verbalizations were more frequent in the early stages of the TT, whereas distance 

verbalizations increased significantly in the final stages. These trends may relate to 

ineffective pacing at the start and the need to regulate pace in the closing stages to 

avoid premature failure (St. Clair Gibson et al., 2013). More thoughts were 

verbalized in the first than the last quartile, possibly reflecting greater task 

uncertainty and complexity in the early stages. Alternatively, research has yet to 

explore whether this may indicate the cognitive challenge of self-regulating effort 

and thinking aloud simultaneously as exertion levels rise.  

Whitehead et al. (2018) investigated the relationship between thought 

processes and performance feedback (e.g., power output, PO) during a laboratory-

based 16.1 km TT. Thoughts captured were categorised into themes per Brick, 

MacIntyre and Campbell’s (2016) metacognitive framework of endurance 

performance: internal sensory monitoring, active self-regulation, outward 

monitoring, and distraction. Cyclist’s thoughts predominantly related to active self-

regulation and distraction (over 80% of total verbalizations). Motivational statements 

were significantly higher in the final quartile, coinciding with increased PO. 
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Whitehead et al. (2018) also found trained participant’s thoughts were significantly 

more self-regulatory and distance-related, suggesting that trained participants 

reactively used such sources of information to gauge effort and optimise pacing. In 

contrast, untrained participants verbalized more thoughts regarding distraction and 

pain, which coincided with a decrease in pace in the second and third quartiles 

following a faster first quartile. This was possibly a result of sub-optimal pacing, 

with participants exceeding their ventilatory threshold (occurring between 50-75% 

VO2max), leading to a negative affective state (Ekkekakis et al., 2011).  

According to the reticular activating hypofrontality (RAH) model (Dietrich & 

Audiffren, 2011), this change in affective state is reflective of certain cortical 

changes during exercise, chiefly a transient downregulation (i.e., hypofrontality) in 

the prefrontal cortex (PFC), involved in higher-order cognition (i.e., executive 

function), to regions more important for movement control. As highlighted in a 

recent review, such cortical perturbations may impact a performer’s capacity to 

effectively use top-down goal-directed cognition to optimize their pacing (Hyland-

Monks et al., 2018). Relatedly, research has observed a shift from a voluntary 

dissociative focus (e.g., on environmental stimuli) during low-intensity (50% 

VO2max) cycling exercise, to an associative focus (e.g., on bodily sensations) during 

high-intensity (90% VO2max) cycling exercise (Hutchinson & Tenenbaum, 2007). 

This could have important implications for attentional control and therefore 

performance during exercise (Wulf & Lewthwaite, 2016). 

Massey et al. (2020) combined TA with eye-tracking during a 16.1 km 

cycling TT. Trained participants verbalized more internal sensory monitoring- and 

PO-related thoughts, whereas untrained participants verbalized more content overall, 

and more thoughts concerning scenery (i.e., the virtual cycling simulation), time, and 

distance, indicating a greater task focus among trained cyclists. Visual dwell time 

was dominated by scenery and PO fixations. Gaze behaviour beyond areas of interest 

was screened out of the analysis but could be explainable by a voluntary or 

involuntary focus on ‘off-task’ stimuli. The dwell time on PO in the untrained 

participants is particularly notable, as this is not reflected in the TA data. This 

suggests that gaze behaviour may not always constitute conscious thought processes 

and perhaps represents a threshold of information that is not verbalized from visual 
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stimuli input. This could relate to subliminal heuristics developed to select the 

information salient to the individual (Haberman & Whitney, 2011). 

TA appears to be a viable method for measuring concurrent thought processes 

during endurance exercise. However, existing research has yet to quantitatively 

investigate the prospect of TA interfering with the performance of the primary task: 

referred to as reactivity (Fox et al., 2011). More specifically, the challenge presented 

to participants of engaging with level 2 TA verbalization while partaking in full-

effort endurance performance. A meta-analysis by Fox et al. (2011) demonstrated 

that when used appropriately, TA should not interfere with task performance but 

tends to increase task completion time. If reactivity does occur, future work may 

have to account for this when time is used as a measure of task performance. In 

Whitehead et al.’s (2018) research, participants reported that the strenuous nature of 

the exercise made verbalizing thoughts challenging, believing that TA negatively 

affected their performance. Based on these accounts, it is perhaps worth considering 

how exercise impacts TA, particularly when one considers the possibility of 

hypofrontality during high-intensity exercise (Dietrich & Audiffren, 2011). 

Therefore, this is a pertinent area for exploration as completion time is a crucial 

element of endurance sports (e.g., TT races). 

Pertinently, recent experimental work has compared TA versus no TA 

conditions during self-paced steady-state exercise, ranging from light to maximal 

effort (Whitehead et al., 2022). Physiological markers and PFC haemodynamics were 

measured during exercise. Heart rate, blood lactate and rating of perceived exertion 

(RPE) were lower during TA conditions, providing tentative evidence that TA may 

benefit self-regulatory efforts. However, little difference in cortical haemodynamics 

were observed to suggest any clear effects of TA on brain activity. Although beyond 

the remit of Whitehead et al.'s (2022) research aims, the impact of high-intensity 

exercise on the quality of TA content remains unexplored.  

Several psychological factors could account for TA reactivity during 

endurance exercise performance. Conscious reporting of thought processes may 

facilitate an internal focus (e.g., on physiological sensations) that potentially 

constrains motor performance such as pedalling efficiency (Schücker et al., 2016). 

Therefore, reactivity could depend on how TA influences one’s attention during 
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exercise performance. Moreover, the cognitive demand of TA could induce mental 

fatigue, shown to negatively impact physical performance (Van Cutsem et al., 2017). 

Reactivity may also be subject to level of expertise, with TA during golf putting 

resulting in no reinvestment (i.e., explicit monitoring of skill execution) among 

skilled performers (Whitehead et al., 2015), for whom skill execution was likely 

automated (Beilock et al., 2002). However, endurance performance tasks have yet to 

be subject to such investigations. 

As such, this study aims to investigate the impact of TA on endurance 

performance and vice versa, alongside what factors (e.g., cognitive load) may explain 

this relationship (i.e., TA feasibility analysis). Given that reactivity has been 

observed in response to the completion of tasks while using TA (Fox et al., 2011), it 

was hypothesised that using TA would negatively affect TT performance (i.e., slower 

completion time and lower PO). Moreover, it was predicted that reactivity may also 

be evident in psychophysical perceptions (i.e., higher RPE and perceived fatigue, and 

lower affective state) and cognitive performance post-exercise (i.e., slower response 

time and lower accuracy). In turn, considering the impact of exercise on TA, it was 

predicted that the prevalence of TA content (i.e., verbalizations) would be greater in 

the early compared to latter stages of the TT (i.e., in the last vs. first quartile of the 

TT).  

Furthermore, this study aims to provide fresh insight into the relationship 

between thought processes, psychophysiology, and cognition during endurance 

performance. The study findings will be discussed in relation to contemporary 

thinking regarding the self-regulation of endurance performance (i.e., TA content 

analysis). As an extension of recent research on TA and cycling performance 

(Massey et al., 2020; Whitehead et al., 2017, 2018), it was hypothesised that self-

regulatory verbalizations would predominate, and motivation and distance-related 

verbalizations would increase in the final quartile. It was also predicted that trained 

persons would verbalize more self-regulatory and performance-related thoughts than 

their counterparts, who would verbalize more distraction-related thoughts. Following 

on, it was hypothesised that verbalizations would reflect increasing workload and 

affective valance associated with cerebral changes during exercise (Dietrich & 

Audiffren, 2011). Therefore, thoughts were predicted to shift from an external (e.g., 

on scenery) to an internal focus (e.g., on pain) across the TT (i.e., in the first vs. last 
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quartile of the TT). Moreover, that thoughts would reflect affective state and 

therefore feature more internal foci when negative, and more external foci when 

positive. 

Method 

Participants  

As small sample sizes have created difficulties in generalising findings to 

target populations in sports psychology research (Schweizer & Furley, 2016), a 

power analysis was conducted for the key hypothesis under investigation. Therefore, 

with reactivity being the key outcome measure, an effect size was calculated based 

on the findings observed by Fox et al. (2011) for task reactivity (i.e., slowed response 

times) when using TA (r = .31). An a priori power analysis was performed in 

G*Power3 (Faul et al., 2007) to determine a minimum sample size to detect TA 

reactivity in TT performance, revealing a required n = 16 (1−β = .80, α = .05). 

Therefore, the study recruited 8 ‘endurance trained’ (ET) (7 male) and 8 ‘non-

endurance trained’ (Non-ET) but physically active participants (all male) to take part 

in this study. Additionally, this sample size is commensurate with similar research 

(Massey et al., 2020; Samson et al., 2017; Whitehead et al., 2017, 2018). Endurance 

trained participants were recruited by approaching local cycling clubs and teams, and 

Non-ET participants were recruited by circulating a study advertisement to university 

staff and students. Endurance trained participants met De Pauw et al.'s (2013) criteria 

for ‘level 3’ indicators of ‘cycling status’: 1) Train at least 3 times a week, for a total 

of at least 5 hours, and cover at least 60 km; and 2) Have competitive experience in 

cycling. Non-endurance trained participants were not regular cyclists but met the 

recommended ≥ 150 minutes of physical activity per week according to the 

American College of Sports Medicine (Garber et al., 2011). Therefore, the key 

difference between the groups was their experience in pacing and self-regulating 

effort concerning endurance performance. All participants were White European and 

university educated. No significant differences were found between groups for age, 

weight, height, body fat percentage, and body mass index (all p > .05; see Table 2.1). 

However, ET participants reported exercising for significantly longer per week (hrs) 

than Non-ET participants, Mdifference = 3.00, t(14) = 2.65, p = .019. All participants 

were subject to health screening and provided written informed consent. Participants 

were debriefed following their last visit and provided with the opportunity to ask any 
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questions. Ethical approval was granted by the university research ethics committee. 

Data collection ran from June 2018 to December 2020 and was conducted in the 

physiology laboratory of the host institution. 

Table 2.1 Mean (SD) Anthropometric Data and Physical Activity Levels by Trained 

Status. 

Materials and Measures  

Pre- and post-task measures. An Eriksen Flanker Task was devised by the 

researcher in E-Prime (Psychology Software Tools: Sharpsburg, USA) and used to 

capture the effects of TA on cognition. The flanker task reflects inhibitory executive 

function at the neuropsychological level (Heil et al., 2000) and has been successfully 

used in exercise-based research (Davranche et al., 2009). Response inhibition is 

thought to be key to exercise tolerance (Robertson & Marino, 2016) and has been 

shown to explain differences between the capabilities of endurance athletes (Cona et 

al., 2015). Hence, if TA use impacts cortical demands relevant to endurance effort, 

this may be reflected in response inhibition performance. Visual stimuli consisted of 

white arrows and squares presented on a black background. Participants are 

instructed to indicate which direction the centre arrow is facing as quickly and 

accurately as possible by pressing a keyboard button for left (‘D’) or right (‘K’). 

Three conditions representing different distracting stimuli are presented on either 

side of the centre arrow: congruent trials (centre arrow and distractor arrows are 

aligned in direction; ), incongruent trials (centre arrow faces in the 

opposite direction to distractor arrows; →), and neutral trials (white squares 

presented either side of centre arrow;). Over 120 trials all stimuli are 

Participant characteristics Non-ET (n = 8) ET (n = 8) 

Age (years) 38.38 (16.73) 35.00 (8.77) 

Body weight (kg) 77.37 (7.21) 75.25 (9.57) 

Height (cm) 178.00 (4.69) 177.88 (8.63) 

Body Mass Index (kg/m2) 24.55 (2.22) 23.70 (1.94) 

Body fat percentage (%) 15.33 (6.23) 14.01 (7.67) 

Weekly physical activity 

(hours)a 
7.00 (1.93) 10.00* (2.56) 

Note. ET = endurance trained, Non-ET = non-endurance trained.  
aIncludes all forms of physical activity. 

*Significant group difference p < .05. 
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presented equally in a randomised order. Before stimuli are presented, a blank screen 

is shown for 1000 ms, followed by a priming fixation point for 1000 ms. Stimuli are 

then presented for 300 ms regardless of response time. Twenty practice trials are 

completed before the test commenced. To best capture response inhibition, 

calculating the interference score (incongruent minus congruent performance) is 

recommended (Tillman & Wiens, 2011) and will be the dependent variable for both 

accuracy and reaction time (RT) data. A trial sequence for an incongruent trial is 

presented in Figure 2.1. Self-reported fatigue was assessed via the Rating of Fatigue 

(ROF) scale (Micklewright, St. Clair Gibson et al., 2017).  

Figure 2.1 A Flanker Task Trial Sequence for Incongruent Stimuli  

 

In-task measures. To measure TT performance, the Racermate software and 

electromagnetically-braked Velotron cycle ergometer (Racermate: Seattle, USA) 

were used to simulate a virtual flat 16 km cycling TT. A 16 km TT is a demonstrably 

reliable performance criterion for trained cyclists (Sparks et al., 2016). Alongside a 

projection of the virtual TT course, including an avatar that represents the 

participant, distance covered (km), speed (km.hr−1), PO in watts (W), cadence 

(r.min−1), and gearing were provided as real-time feedback along the bottom of the 
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screen (see Item 1, supplementary materials for visual display). Time elapsed and TT 

completion time were obscured from participants to avoid the potential for 

comparison of times. In line with previous work (Swart et al., 2008), the software-

generated ‘SpinScan’ score (average torque/maximum torque x 100) was used to 

assess pedal stroke dynamics. The bike was positioned centrally 1.5 m apart from a 

100 cm (height) x 180 cm (width) screen projection of the virtual environment. The 

15-point Borg Scale (Borg, 1982) was used to measure rating of perceived exertion 

(RPE). To measure affect, the Feeling Scale (Hardy & Rejeski, 1989) was used. 

Participants wore a Garmin Forerunner 15 watch and chest strap (Garmin: Kansas, 

USA) to monitor heart rate (bpm), which was visible to participants as feedback. In 

the TA condition, verbalizations were recorded via a dictaphone.  

Experimental Protocol  

Visit 1. Firstly, participants were provided with a descriptive overview of TA 

verbatim and were then required to complete three practice exercises adapted from 

Samson et al. (2017) to assess participant’s comprehension of TA (see Item 2, 

supplementary materials for TA description and practice exercises). Participants 

were also encouraged to practice TA during one exercise bout prior to the 

experiment. Participants were asked to wear light athletic clothing and abstain from 

alcohol and vigorous exercise 24 hours before participation. The TT’s were 

completed at the same time of day (± 1 hour) in the same laboratory regulated to 21 

°C (± 1 °C). Directly before the TT’s, participants completed the cognitive testing 

and ROF assessment. A 5-minute warm-up at 40% of the participant’s heart rate 

reserve was completed before each TT. Participants then completed a baseline 

familiarisation full-effort 16 km TT. Affect and RPE were recorded from participants 

every 2 km’s for each TT. Directly after the TT’s, participants completed the 

cognitive test and ROF scale again before commencing with a cool-down that was 

equivalent to the warm-up.  

Visits 2 and 3. Participants completed a full-effort 16 km TT on two further 

counterbalanced occasions, between two days and a week apart: once while adopting 

TA (TA condition) and once when not using TA (No TA condition). The procedure 

for the TT’s was the same as described for visit 1. Before commencing the TA TT, 

the researcher reiterated the key instruction to “please think aloud, and try and 

verbally express anything that comes into your head throughout the trial”. A visual 
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reminder stating “please think aloud” was placed above the display screen. 

Participants were also asked to TA during the warm-up. To minimise disruption, 

distracting stimuli were removed from the environment and the researcher was out of 

sight of the participant when not required.  

Data Analysis  

TA feasibility. All inferential statistical testing was completed in SPSS 

(v.25). In line with established guidelines (Field, 2013), normality was analysed by 

visual inspection of distribution, skewness and kurtosis z scores, and Shapiro-Wilk 

statistics. Where relevant, TT finish time (secs), watts per kilogram (w/kg), cadence, 

SpinScan, affect, RPE, ROF, and flanker task data were analysed across trial (TA vs. 

No TA trials), trial split (4 quartiles), session (pre- vs. post-trial), and group (ET vs. 

Non-ET). ANOVAs were conducted for the above analyses and Greenhouse-Geisser 

corrections were applied for violations of sphericity assumptions. To account for the 

effect of TA prevalence on performance, ANCOVAs with transcribed word count as 

a covariate were performed for the above analyses that included trial comparisons, 

with appropriate additional assumption checks performed (i.e., homogeneity of 

regression slopes). Statistical significance was accepted at the probability criterion of 

p < .05. Post hoc pairwise comparisons with Bonferroni-adjusted p values were 

conducted for significant F-ratios. Partial eta squared (ηp²) is reported for main 

effects and interactions, and Cohen’s d was calculated as appropriate to the research 

design (Lakens, 2013) and reported for post hoc pairwise comparisons. For 

conciseness and importance to the analysis, only 2-way interactions including trial 

comparisons were reported. All unreported interactions were non-significant (p > 

.05). 

TA content. A post-positivist approach informed the data analysis process, 

whereby observations were analysed to test the propositions of extant theories. Using 

NVivo (v.11, QSR International Pty Ltd, 2015), deductive content analysis was 

performed on the transcribed TA data. This allowed for the identification of 

meaningful ‘units’ to be sorted into preconceived primary and secondary themes 

aligned with Brick, MacIntyre and Campbell’s (2016) metacognitive framework (see 

Table 2.2), as performed in previous similar research (Whitehead et al., 2017, 2018). 

Abductive reasoning was also performed to generate several new secondary themes 

to best categorise unsorted data within the framework (denoted in Table 2.2). 
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Therefore, this reasoning is merely a ‘fair guess’ in the presence of novel 

circumstances (Lipscomb, 2012). A list of definitions for each code (i.e., secondary 

themes) was produced to aid the sorting process (featured in Table 2.2) that was 

completed twice by the primary researcher to ensure methodological rigour. Given 

the concerns regarding a coder’s subjectivities and histories confounding reliability 

testing (Smith & McGannon, 2018), McAlister et al.'s (2017) recommendations to 

ensure inter-coder reliability were followed. Two independent researchers coded one 

participant’s transcribed TA data selected at random, which constituted 17% of TA 

data. The coding list with examples and definitions was provided to all parties and 

coders were tasked with tabularizing the assignment of codes with the corresponding 

data. Agreements and disagreements were then tallied per code and inter-rater 

reliability was determined by calculating percentage agreement between coders both 

ways to account for differences in total codes assigned. This resulted in an 

aggregated 89% agreement across all codes, with > 80% agreement considered 

acceptable for such methodologies (Miles & Huberman, 1994). Nonetheless, a 

subsequent discussion was held between coders to ensure no systemic differences 

contributed to disagreements. 

Total verbalized content (i.e., transcribed word count), and data categorised 

into primary and secondary themes were analysed across TT quartile and group. 

Only select secondary themes were subject to analysis. A theoretical rationale for 

assessing these secondary themes is provided in the supplementary materials (Item 

3). To assess how thoughts captured related to affect, an analysis was performed as 

above with the added categorisation of verbalizations occurring in either a positive or 

negative affective state. Verbalization count was converted into a percentage for each 

primary theme to control for differences in time spent in a positive and negative 

affective state. The data was subject to the same testing and criteria described above. 

Non-parametric testing was performed on data where assumptions of normality were 

violated. Pearson’s r is reported as a measure of effect size for post hoc pairwise 

comparisons. For conciseness, only significant findings are reported for the analysis 

of verbalisations by primary and secondary themes. Due to a technical issue with the 

recording equipment, one Non-ET participant’s recording was illegible, therefore 

their data was removed from this section of the analysis.  
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Table 2.2 Median (IQR) Verbalizations of Secondary Themes by Trained Status, 

With Definitions. 

Primary 

theme 

Secondary 

theme 

Non-ET ET  Overall Definition 

Internal 

sensory 

monitoring  

Breathing 6.50 

(2.00) 

6.50 

(2.00) 

6.50 

(1.00) 

References to 

breathing or 

respiration (e.g., 

“breathing is quite 

laboured”).  

Comforta 1.00 

(0.25) 

2.00 

(2.50) 

1.00 

(1.25) 

References to 

feelings of mental or 

physical comfort 

(e.g., “this handlebar 

position is much 

more comfortable”).  

Discomfort & 

pain 

14.00 

(4.75) 

14.00 

(3.00) 

14.00 

(3.00) 

References to 

feelings of mental or 

physical discomfort 

(e.g., “legs are very 

sore!”).  

Hydration 3.50 

(1.50) 

5.50 

(1.75) 

4.50 

(2.25) 

References to taking 

in, or requiring fluids 

(e.g., “just have a 

quick drink of 

water”).  

Fatigue 5.50 

(1.25) 

3.50 

(2.00) 

5.00 

(2.25) 

References to 

physical or mental 

fatigue (e.g., “fatigue 

building in the 

quads”).  

Temperature 6.50 

(3.75) 

10.00 

(4.25) 

8.50 

(4.50) 

References to 

environmental or 

body temperature 

(e.g., “getting pretty 

sweating”).  

Heart rate 5.00 

(3.25) 

11.50 

(3.75) 

8.50 

(5.25) 

References to heart 

rate (e.g., “heart rate 

is at 180”).  

Rating of 

perceived 

exertiona  

3.00 

(0.75) 

5.50 

(2.00) 

4.00 

(2.50) 

References to 

perceived exertion or 

effort (e.g., “I’m 

pushing really 

hard”).  

Affecta 

 

4.00 

(0.50) 

13.00 

(2.25) 

5.00 

(9.00) 

References to 

positive/negative 

feelings (e.g., “I’m 

feeling really good”).  

Active self-

regulation  

Speed 10.00 

(6.00) 

9.00 

(2.50) 

9.00 

(5.50) 

References to speed 

feedback (e.g., “keep 

the speed at 38 

kph”). 

Power output  6.00 

(1.00) 

31.50 

(2.75) 

16.50 

(25.25) 

References to power 

output feedback 

(e.g., “aim for 260 
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watts”).  

Pace 10.50 

(3.00) 

17.00 

(6.00) 

13.00 

(5.25) 

References to pacing 

behaviour (e.g., 

“nice and steady, 

maintain this pace”).  

Increase pace 7.50 

(2.00) 

5.50 

(4.25) 

7.00 

(3.00) 

Specific references 

to increasing pace 

(e.g., “all-out effort 

in the last 1 km”). 

Decrease 

pace 

1.00 

(1.00) 

0.00 

(0.75) 

1.00 

(1.50) 

Specific references 

to decreasing pace 

(e.g., “ease the pace 

for a negative split”).  

Self-

regulation 

strategya 

20.00 

(4.00) 

45.00 

(15.25) 

21.50 

(27.00) 

References to self-

regulatory efforts or 

strategies (e.g., “just 

relax and stay in 

control”). 

Motivation 62.00 

(8.75) 

47.50 

(32.00) 

59.00 

(23.50) 

Refences to self-

motivational efforts 

or strategies (e.g., 

“12 km’s done, great 

effort!”).     

Cadence 6.50 

(3.75) 

8.50 

(6.75) 

7.50 

(4.25) 

References to 

cadence feedback 

(e.g., “keep RPM 

below 90”).  

Gearing 6.50 

(2.50) 

5.50 

(2.25) 

6.00 

(2.75) 

References to 

gearing feedback 

(e.g., “I can up the 

gear closer to the 

end”).  

Technique 6.00 

(2.25) 

24.50 

(3.25) 

14.50 

(17.75) 

References to 

technical aspects of 

cycling (e.g., 

“maintain a smooth 

pedalling action”).  

Outward 

monitoring 

 

Time 18.00 

(5.00) 

5.00 

(3.75) 

14.50 

(12.00) 

References to time, 

including expected 

finishing time (e.g., 

“this could be a 

personal best time”).  

Distance 46.00 

(6.50) 

51.50 

(29.50) 

46.00 

(16.25) 

References to 

distance feedback 

(e.g., “at 5 km’s 

now, well into the 

second quartile”).  

Distraction 

 

 

 

 

Involuntary 

distractiona 

19.50 

(7.75) 

12.00 

(3.00) 

14.50 

(6.25) 

Refences to non-

deliberate focus on 

stimuli (e.g., “the 

lights are bright in 

this room”). 
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Intentional 

distractiona 

5.00 

(3.25) 

3.00 

(0.25) 

3.50 

(1.50) 

References to 

deliberate focus on 

stimuli (e.g., “I’ll 

fixate on that clock 

for a moment”). 

Scenery & 

course 

informationa 

4.50 

(5.00) 

4.00 

(4.50) 

4.50 

(4.25) 

References to 

information on 

screen. Does not 

include performance 

feedback (e.g., 

“there’s a bend 

coming up”).  

Think alouda 2.50 

(1.25) 

2.00 

(2.50) 

2.50 

(1.50) 

References to use of 

think aloud (e.g., 

“thinking aloud and 

cycling is 

difficult!”).  

Note. ET = endurance trained, Non-ET = non-endurance trained. 
aSecondary themes included through abductive analysis. 

 

Transparency and Openness 

This study was not preregistered. Methodology, materials and data analysis 

are described sufficiently to allow for replication, and the authors followed the 

Journal Article Reporting Standards (JARS) for Mixed Methods Article Reporting 

Standards (APA, 2022).  

Results 

TA Feasibility  

Time-trial performance. No significant interaction was observed for 

trial*trained status for finish time, F(1, 13) = 1.09, p = .32, ηp² = .077 and w/kg, F(1, 

13) = 0.33, p = .58, ηp² = .025, nor for trial*quartile for w/kg, F(1.66, 21.61) = 0.11, 

p = .87, ηp² = .008. A significant main effect was observed for trained status for both 

finish time, F(1, 14) = 14.73, p = .002, ηp² = .51 and w/kg, F(1, 14) =14.72, p = .002, 

ηp² = .51. A significant main effect was observed for quartile for w/kg, F(1.59, 

22.23) = 4.68, p = .027, ηp² = .25. No significant main effect was observed for trial 

for both finish time, F(1, 13) = 0.14, p = .72, ηp² = .011 and w/kg, F(1, 13) = 1.29, p 

= .28, ηp² = .090. See Table 2.3 for mean finish time and w/kg across trial and 

trained status. 

Table 2.3 Mean (SD) Time-Trial Finish Time and Watts per Kilogram by Trial and 

Trained Status. 

Performance 

measure 
No think aloud trial Think aloud trial 
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No significant interaction was observed for trial*trained status for both 

cadence, F(1, 13) = 1.02, p = .33, ηp² = .073 and SpinScan, F(1, 13) = 0.15, p = .71, 

ηp² = .011. A significant main effect was observed for trained status for cadence, 

F(1, 14) = 5.26, p = .038, ηp² = .27, but not for SpinScan, F(1, 14) = 2.64, p = .13, 

ηp² = .16. No significant main effect was observed for trial for both Cadence, F(1, 

13) = 0.70, p = .42, ηp² = .051 and SpinScan, F(1, 13) = 0.38, p = .55, ηp² = .028. 

Significant post-hoc comparisons for TT performance results are presented in Table 

2.4. 

Flanker task performance. For accuracy, a significant interaction was 

observed for trial*session, F(1, 13) = 4.94, p = .045, ηp² = .28, but not for 

trial*trained status, F(1, 13) = 0.83, p = .38, ηp² = .060. However, follow-up testing 

found the mean difference in response conflict between trials pre-exercise (M = -

0.004, SD = 0.049) was not significantly different to scores post-exercise (M = 0.015, 

SD = 0.046), t(15) = -1.32, p = .21, dz = 0.33. No significant main effect was 

observed for session, F(1, 14) = 0.013, p = .91, ηp² = .001, trial, F(1, 13) = 0.47, p = 

.51, ηp² = .035, and trained status, F(1, 14) = 1.22, p = .29, ηp² = .080. 

For RT, no significant interaction was observed for trial*session, F(1, 13) = 

0.056 p = .82, ηp² = .004 and trial*trained status, F(1, 13) = 0.021, p = .89, ηp² = 

.002. No significant main effect was observed for session, F(1, 14) = 0.56, p = .47, 

ηp² = .039, trial, F(1, 13) = 0.37, p = .56, ηp² = .027, and trained status, F(1, 14) = 

0.005, p = .95, ηp² = .001. See Item 4 of the supplementary materials for full flanker 

task data. 

Psychophysical measures. No significant interaction was observed for 

trial*trained status for RPE, F(1, 13) = 1.02, p = .33, ηp² = .073 and affect, F(1, 13) 

= 0.078, p = .79, ηp² = .006, nor for trial*quartile for RPE, F(1.72, 22.41) = 0.14, p = 

.84, ηp² = .011 and affect, F(1.58, 20.58) = 0.28, p = .71, ηp² = .021. A significant 

main effect was observed for quartile for both RPE, F(1.70, 23.73) = 86.55, p < .001, 

ET Non-ET Overall ET Non-ET Overall 

Finish time 

(secs) 

1578.83 

(73.44) 

1793.85 

(139.53) 

1686.34 

(154.70) 

1585.35 

(69.54) 

1780.35 

(131.86) 

1682.85 

(143.21) 

Watts per 

kilogram 

3.42 

(0.61) 

2.47     

(0.35) 

2.94      

(0.69) 

3.38  

(0.59) 

2.46     

(0.36) 

2.92    

(0.67) 

Note. ET = endurance trained, Non-ET = non-endurance trained.  
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ηp² = .86 and affect, F(1.44, 20.10) = 25.39, p < .001, ηp² = .65. No significant main 

effect was observed for trial for both RPE, F(1, 13) = 0.59, p = .46, ηp² = .044 and 

affect, F(1, 13) = 1.32, p = .27, ηp² = .092, nor for trained status for both RPE, F(1, 

14) = 1.54, p = .24, ηp² = .099 and affect, F(1, 14) = 0.005, p = .94, ηp² = .001.  

For ROF, no significant interaction was observed for trial*trained status, F(1, 

13) = 0.001, p = .99, ηp² = .001 and trial*session, F(1, 13) = 0.003, p = .96, ηp² = 

.001. A significant main effect was observed for ROF for session, F(1, 14) = 150.91, 

p < .001, ηp² = .92 and trained status,  F(1, 14) = 4.68, p = .048, ηp² = .25, but not for 

trial, F(1, 13) = 0.14, p = .72, ηp² = .011. Significant post-hoc comparisons for 

psychophysical measures are presented in Table 2.4. 

Table 2.4 Significant Post-hoc Comparisons for Performance and Psychophysical 

Measures. 

Measure Main effect Post-hoc comparisons (M, SD) Effect 

size  

(ds/dz) 

Performance Finish time 

(secs) 

   Trained 

   status** 

 

 

ET (1582.09, 68.71) < Non-ET (1787.1, 

134.59)** 

 

 

1.92 

 PO (w/kg) 

   Trained 

   status** 

   Trial split** 

 

ET (3.4, 0.59) > Non-ET (2.46, 0.35)** 

 

Q3 (2.9, 0.67) < Q4 (3.05, 0.69)* 

 

1.94 

 

1.09 

 Cadence 

(r.min−1) 

   Trained 

   status* 

 

 

ET (95.99, 9.55) > Non-ET (81.96, 

14.42)* 

 

 

1.15 

Psychophysiology RPE (a.u.)a 

   Trial split*** 

 

Q1 (14.09, 2.47) < Q2 (15.59, 1.98)***  

Q2 (15.59, 1.98) < Q3 (17.00, 1.73)***  

Q3 (17.00, 1.73) < Q4 (19.03, 1.82)*** 

 

1.48 

2.05 

1.68 

 Affect (a.u.)a 

   Trial split*** 

 

Q1 (1.38, 1.45) > Q2 (0.09, 1.71)***   

Q2 (0.09, 1.71) > Q3 (-0.97, 1.87)** 

 

1.39 

1.30 

 ROF (a.u.) 

   Session*** 

 

   Trained 

   status* 

 

Pre-TT (1.72, 1.09) < Post-TT (7.72, 

1.14)*** 

ET (5.03, 0.65) > Non-ET (4.41, 0.50)* 

 

 

4.61 

 

1.08 

 

Note. ET = endurance trained, Non-ET = non-endurance trained, PO = power output, Q = 

quartile, r.min−1 = revolutions per minute, ROF = Rating Of Fatigue, RPE = Rating of 
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Perceived Exertion, TT = time-trial, w/kg = watts per kilogram.  
aOnly comparisons to the previous quartile are reported. 

*p < .05, **p < .01, ***p < .001. 

TA Content 

Verbalized content. For total verbalized content, no main effect was found 

for quartile, F(1.79, 23.28) = 1.28, p = .29, ηp² = .090 and trained status, F(1, 13) = 

0.058, p = .81, ηp² = .004.  

Primary theme verbalizations. For primary themes overall, a significant 

main effect was observed for theme, χ2(3) = 29.16, p < .001. Significantly more 

active self-regulation verbalizations (Mrank = 3.53) were made by participants 

compared to internal sensory monitoring (Mrank = 1.93, p < .001, r = .84) and 

distraction (Mrank = 1.33, p < .001, r = .85) verbalizations. Likewise, significantly 

more outward monitoring verbalizations (Mrank = 3.20) were made by participants 

compared to internal sensory monitoring (p = .001, r = .79) and distraction (p < .001, 

r = .88) verbalizations. A significant main effect was observed for verbalizations by 

quartile for active self-regulation, χ2(3) = 8.83, p = .029 and OM, χ2(3) = 14.20, p = 

.002. Significantly more outward monitoring verbalizations were made by 

participants in quartile 4 (Mrank = 3.50) versus quartile 1 (Mrank = 1.87, p = .006, r = 

.69). Concerning group differences by quartile, significantly more outward 

monitoring verbalizations were made by Non-ET (Mrank = 11.21) versus ET (Mrank = 

5.19) participants in quartile 1 (U = 5.50, p = .007, r = .68). All remaining results 

were non-significant when accounting for the Bonferroni correction. 

Secondary theme verbalizations. A significant main effect was observed for 

verbalizations by quartile for motivation, χ2(3) = 25.27, p < .001, distance, χ2(3) = 

17.61, p < .001, and involuntary distraction, χ2(3) = 8.72, p = .028. Significant post-

hoc comparisons of quartiles for secondary themes are presented in Table 2.5. 

Significantly more PO verbalizations were made by ET (Mrank = 10.31) versus Non-

ET (Mrank = 5.36) participants overall (U = 9.50, p = .031, r = .56). All remaining 

results were non-significant when accounting for the Bonferroni correction.  

Table 2.5 Significant Post-hoc Quartile Comparisons for Secondary Themes. 

Secondary 

theme 

Quartile comparison 

(Mrank) 

Wilcoxon 

rank (Z) 

Significance 

(p) 

Effect size     

(r) 
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Distance Q4 (3.57) > Q3 (2.47) 

Q4 (3.57) > Q2 (2.33) 

Q4 (3.57) > Q1 (1.63) 

-2.67 

-2.73 

-3.05 

.005 

.004 

.001 

.69 

.71 

.79 

Motivation Q4 (3.67) > Q3 (2.60) 

Q4 (3.67) > Q2 (2.20) 

Q4 (3.67) > Q1 (1.53) 

Q3 (2.60) > Q1 (1.53) 

-3.07 

-3.05 

-3.07 

-2.68 

.001 

.001 

.001 

.006 

.79 

.79 

.79 

.69 

Involuntary 

distraction 

Q4 (1.90) < Q1 (2.83) -2.54 .008 .65 

Note. Q = quartile 

Primary theme verbalizations and affective state. Significantly more 

distraction verbalizations were made in a positive (Mrank = 8.18) versus negative 

(Mrank = 5.00) affective state (Z = 2.35, p = .017, r = .61). All remaining results were 

non-significant when accounting for the Bonferroni correction. 

Discussion 

TA Feasibility  

Given the emergent nature of TA methods in endurance performance 

research, a key aim of this study was to investigate the impact of TA on endurance 

performance and vice versa. Contrary to the researchers’ predictions, the difference 

in performance between the two experimental trials was not significant, with a w/kg 

difference of 0.02 and a time difference of 3.5 seconds between conditions. Pacing 

followed a similar pattern across the TT’s, with a significant increase in w/kg from 

12-16 km. This is an indication of a reservation of energy expenditure in quartile 3 to 

ensure sufficient reserves for an end-spurt (Tucker et al., 2006). Therefore, it would 

appear that level 2 TA verbalization did not impact on full-effort TT performance or 

pacing, referred to as reactivity. In addition, with TA prevalence accounted for, the 

results suggest that the lack of reactivity observed is not related to the frequency of 

verbalisation by participants. The findings are contrary to those observed in Fox et 

al.'s (2011) review, which highlighted a possible slowing of task completion time 

(when time is a measure of performance) when using TA. In contrast, the research 

supports recent findings showing no detriment to cycling performance at various 

exercise intensities under TA conditions (Whitehead et al., 2022).  

The above findings are particularly promising when viewed through the lens 

of theories concerning attentional focus and cognition in exercise performance. 
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Affect scores were similar across experimental trials. On average, participants spent 

the second half of the TT’s in a negative affective state. Therefore, any possible 

cortical changes resulting in compromised self-regulation of effort and metacognitive 

processes (Brick, MacIntyre, & Campbell, 2016), as proposed by the RAH model 

(Dietrich & Audiffren, 2011), appear unaffected by the addition of TA. This finding 

is reinforced by the similar pacing strategy adopted by participants across the trials. 

Moreover, cadence and SpinScan scores (i.e., pedalling efficiency) were not found to 

be significantly different across the trials. This suggests that using TA did not 

negatively impact on biomechanics (i.e., the automatic process of efficient pedalling) 

as a consequence of an internal focus (Schücker et al., 2016).  

No difference in performance or efficiency was found across the TT’s for 

both ET and Non-ET participants. Through years of practice, it is reasonable to 

suggest that cycling is an automated skill for ET cyclists. Such automaticity ‘frees 

up’ attentional resources which an athlete can devote to a secondary task, such as 

thinking aloud (Beilock et al., 2002). Alternatively, any additional activity that may 

interfere with automated skill execution could be detrimental to performance through 

the interruption of a ‘flow state’ (Jackson, 1995) or external focus of attention (Wulf 

& Lewthwaite, 2016). Therefore, it does not appear that performance was subject to 

such interference by using TA, nor hindered by a finite capacity of ‘free’ attentional 

resources to dedicate to thinking aloud.  

Alongside similar performance and contrary to the researchers’ predictions, 

no significant differences between the two experimental trials were observed for 

RPE, affect, or ROF scores. This suggests no change in perceptual experience and 

uncompromised TT performance when using TA. The only notable difference 

observed was an overall higher ROF score for ET participants, albeit a non-

significant finding which may be related to the greater training load reported by ET 

participants (Budgett, 1998). Conversely, Whitehead et al. (2022) observed some 

benefits to economy (lower heart rate and blood lactate) and perceived exertion 

(lower RPE) through using TA. These mixed findings suggest that future work into 

TA as an aid to self-regulating endurance performance is warranted.  

Concerning flanker task performance, no difference in response conflict, and 

therefore response inhibition capacities was observed between the experimental 
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trials. An interaction was observed between trial and session, however the follow up 

analysis was not significant. Therefore, no evidence was observed to suggest that TA 

is cognitively taxing to executive control resources when measured following self-

paced endurance performance. However, future research would be valuable to 

investigate whether a cognitive ‘debt’ may bear out over longer exercise durations, in 

which any hypofrontality is proposed to be greater (Dietrich & Audiffren, 2011). 

TA Content 

The second aim of this research was to gain a deeper understanding of 

endurance performance and pacing through the assessment of TA data in tandem 

with measures of psychophysiology and cognition. Firstly, contrary to the 

researcher’s predictions, no significant differences were found concerning overall 

verbalized content across ET status or TT quartiles. However, there was an 

observable downward trend in verbalizations in the second half of the TT. This 

aligns with Whitehead et al.'s (2017) research, where significantly more 

verbalizations were found in the first versus last quartile. Moreover, similar to 

Massey et al. (2020), trained participants verbalized less than their untrained 

counterparts in the first half of the TT. However, there is no clear indication that a 

change in cognition or attention influenced TA prevalence as a function of cycling 

experience or fitness level.  

The prevalence of active self-regulation and outward monitoring 

verbalizations were significantly greater than internal sensory monitoring and 

distraction verbalizations. This is unsurprising, as together they encompass the two 

most predominant secondary themes, distance (outward monitoring) and motivation 

(active self-regulation), which combined accounted for over 34% of the total 

verbalizations coded. Supporting the researchers’ predictions and in alignment with 

Whitehead et al. (2018), active self-regulation was the most prevalent primary theme, 

despite participants completing an outdoor TT in Whitehead et al.’s (2018) 

experiment. In addition, Massey et al. (2020) found active self-regulation was the 

most prevalent theme among trained persons in their lab-based experiment, however 

outward monitoring was the most prevalent theme among their untrained population. 

Moreover, when in competition with a virtual competitor, there was a significant 

increase in active self-regulation verbalizations for trained versus untrained 

participants. These similarities and differences may simply reflect the difficulty in 
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establishing definitive conclusions from the relatively small amount of research 

within this field to date. Alternatively, they could reflect differences in 

environmental conditions (i.e., competitor presence) and participant characteristics 

(i.e., differences in experience or expertise).  

In respect to task unrelated verbalizations, partially supporting the 

researchers’ predictions, involuntary distraction decreased across the TT, with a 

significant decrease observed in quartile 4 versus quartile 1. Therefore, the 

attentional focus of participants was fixated less on task-unrelated thoughts in the 

final compared to the opening stages of the TT. Although a steady effort was adopted 

by participants across the TT, the associated increased salience of fatigue-related 

sensations (e.g., increasing soreness in the working muscles) may have drawn 

participant’s focus more inward (Hutchinson & Tenenbaum, 2007). These data 

trends are also analogous to the RAH model (Dietrich & Audiffren, 2011), as higher-

order cognitive control of a distracting external focus may not be possible when 

hypofrontality occurs around the ventilatory threshold. If we assume that this shift in 

attentional resources holds true, one might have expected a continuous upturn or 

plateau in internal sensory monitoring verbalizations in the final quartile. This may 

relate to the observed changes in verbalizations that reference different aspects of 

cognition taking precedence in the final stages of the TT. 

Concerning active self-regulation, verbalizations remained steady between 

quartiles 1 and 2, before increasing in the second half of TT. A notable increase from 

quartile 2 to 4 was largely attributable to a change in motivation-related 

verbalizations. Supporting the researchers’ predictions, motivational verbalizations 

increased quartile-on-quartile and were significantly greater in quartile 4 relative to 

the previous quartiles, mirroring the findings of Whitehead et al. (2018). The above 

trends are more interesting when analysed in tandem with outward monitoring 

verbalizations. A greater number of outward monitoring verbalizations were 

observed in quartile 4 relative to quartile 1. As predicted, this is explainable by a 

significant spike in distance-related verbalizations in the final quartile, indicating a 

particular focus on this feedback information in the closing stages of the TT. 

Notably, Whitehead et al. (2017) also found a significant increase in distance 

verbalizations as the TT progressed. 
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The increase in active self-regulation verbalizations across the TT may be 

indicative of participants adopting psychological strategies to increase effort or better 

regulate pacing. Interestingly, it would appear that self-regulatory efforts are most 

helpful to performance in the more difficult later stages of endurance events (e.g., 

Barwood et al., 2015; Brick et al., 2019). In addition, the coincidence of distance and 

motivation verbalizations increasing in the final quartile may indicate a relationship. 

Evidence for this is provided by the co-occurrence of distance and motivation 

verbalizations in sequence during the final quartile. For example, “Last 500m, let’s 

go for it” (participant 16) and “1 more kilometre, don’t fade!” (participant 12) both 

demonstrate participants referring to the distance remaining prior to using 

motivational self-talk. Future work could focus on the relationship between 

performance feedback integration, psychological strategies, and pacing. 

 Concerning the division of verbalizations by affect, in partial support of the 

researchers’ predictions, the only significant finding related to a greater off-task 

attentional focus in a positive versus negative affective state. Once more, the findings 

can be understood by shifts in attention processes highlighted previously 

(Hutchinson & Tenenbaum, 2007). However, for full support of this proposition, one 

might also have expected to observe a greater number of internal sensory monitoring 

verbalizations in a negative affective state. The need to self-regulate effort and focus 

on key performance feedback to optimise pace may ‘override’ such physiological 

sensations during the final quartile. Interestingly, this would suggest that some 

outward monitoring, mostly to distance feedback, is achievable in these difficult later 

stages. This is perhaps governed by the greater importance of this information to 

endurance performers with end-point knowledge (e.g., Wingfield et al., 2018).  

There were significantly greater PO-related verbalizations among the ET 

group, supporting the researchers’ predictions and echoing recent findings (Massey 

et al., 2020). This is unsurprising given the importance of PO feedback to cycling 

performance (Hettinga et al., 2012) and that blinding to performance feedback 

(including PO) hinders cycling performance (Wingfield et al., 2018). When such 

feedback was presented to participants, PO was strongly associated with neural 

activity in the PFC, which is implicated in the top-down regulation of endurance 

performance (Hyland-Monks et al., 2018). Therefore, it appears that through 

experience, trained cyclists become better attuned at paying attention to PO to self-
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regulate effort. Additionally, as predicted, more outward monitoring verbalizations 

were made by ET versus Non-ET participants in the first quartile, indicating a greater 

focus on task demands by trained persons during the earlier stages of the TT. It 

should be noted that further differences between ET and Non-ET participants were 

predicted in line with previous findings (Massey et al., 2020; Whitehead et al., 2018). 

The reason for these differences is unclear but could relate to the nascency of this 

work or differences in participant characteristics and task demands, as previously 

suggested. However, both the present study and the aforementioned research 

(Massey et al., 2020; Whitehead et al., 2018) used similar protocols and recruitment 

criteria, and all found similarly large differences in TT performance between groups, 

with large effect sizes observed.  

Limitations and Future Directions  

Moving forward, future research could build on this work by addressing its 

limitations. Although efforts were made to engage participants via a virtual course, 

attempts to capture naturally occurring thought processes in a laboratory 

environment should come with a caveat of some compromise to ecological validity. 

Therefore, assessment of TA feasibility in more realistic outdoor conditions (e.g., 

Whitehead et al., 2018) and with competitive features (e.g., Massey et al., 2020) 

would be useful additions. Future work could also look to exploit the increasing 

interest in virtual reality technology and indoor simulation training for endurance 

sports by incorporating multimodal elements of the environment (e.g., visual and 

sound stimuli) and more intimate user perspectives (e.g., point-of-view perspectives) 

to increase the immersiveness of exercise (Neumann et al., 2018).  

Following on, although minimising disruption from the experimenter was 

important in this study, other similar work has used intervention by verbal instruction 

to encourage the continuous use of TA (e.g., Whitehead et al., 2022). Although a 

covariate analysis was used to account for the effect of TA prevalence on possible 

reactivity, verbal instruction may be a further means to ensure verbalisation is 

maintained despite the competing demands of exercise performance. Moreover, with 

TA being an ‘unnatural’ and potentially self-conscious practice, it is possible that 

efforts to familiarise participants as recommended (Eccles & Arsal, 2017) may not be 

sufficient to overcome these issues. Therefore, longer practice and familiarisation 

time may remove these barriers and result in richer insights.  
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Furthermore, it is also worth noting the possible limitations of TA in truly 

capturing thought processes. Micklewright, Kegerreis et al. (2017) propose a dual-

process approach to determining pacing behaviour, with decisions made through both 

automatic processes and cognitively taxing executive control. Therefore, information 

at the unconscious and subconscious level that influences pacing behaviour could be 

left unaccounted for by TA. Other methodologies used in conjunction with TA, such 

as the measurement of cortical activity (Perrey & Besson, 2018) and the recently 

adopted eye-tracking technology (Massey et al., 2020) could help address aspects of 

non-explicit cognition.  

Conclusion 

Concerning TA feasibility, no detriment to performance or perceptual 

experience was found when participants were required to use TA for a 16 km cycling 

TT. Thus, one can reasonably conclude that TA is a feasible methodology to adopt 

without compromise to endurance performance (i.e., reactivity). Promisingly, no 

significant compromise to cognitive performance was evident when TA was used. 

However, the facilitatory effect of exercise on RT performance was smaller in the 

TA trial, which could reflect a possible prefrontal-dependent cognitive ‘debt’ 

acquired through using TA. Thought processes became less outwardly orientated as 

the TT progressed, possibly reflecting affective changes and cerebral perturbations. 

Moreover, verbalizations indicate that self-regulatory efforts and end-point 

knowledge become more salient in the closing stages. In addition, attending to 

performance feedback to gauge effort is most likely developed through experience. 

Future research should look to improve the immersiveness of TA investigations and 

use TA in conjunction with other methods to measure different aspects of cognitive 

processes underpinning pacing. 
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Chapter 3 The Role of Executive Function in the Self-Regulation of 

Endurance Performance: A Critical Review 

Parts of this chapter have been published in a peer-reviewed journal. 

Hyland-Monks, R., Cronin, L., McNaughton, L., & Marchant, D. (2018). The Role 

of Executive Function in the Self-Regulation of Endurance Performance: A 

Critical Review. Progress in Brain Research, 240, 353–370. 

https://doi.org/10.1016/bs.pbr.2018.09.011   
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Abstract 

Research has outlined how self-regulation is crucial to the decision-making 

processes and pacing of endurance performance. There is evidence to suggest that 

executive function is implicated in self-regulatory processes, as the two are 

conceptually similar and share common brain regions such as the prefrontal cortex. 

This review draws upon various research domains to argue that executive function 

underlies the top-down self-regulation of endurance tasks. Indeed, executive 

functioning capacity may explain differences in endurance performances. Although 

contentious, there is evidence to suggest a hypofrontality effect during endurance 

exercise. Furthermore, research has highlighted that psychological interventions, the 

training of executive functions, and transcranial direct stimulation can induce 

prefrontal cortex changes and 'boost' executive functioning, ultimately enhancing the 

self-regulation of endurance performance. Future directions for research are 

proposed with the aim of stimulating investigations that will further elucidate the 

importance of executive functioning and self-regulation to endurance performance.  
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Introduction 

The effective self-regulation of endurance exercise places unique challenges 

on the brain and its cognitive capacities, through on-going decision-making and 

anticipatory processes aimed at distributing work rate (Renfree et al., 2014). As 

outlined and explored as part of Chapter 2, TA can be used to explore athlete 

cognition as it pertains to the pacing of endurance performance. For instance, the 

findings indicated that cyclists paid particular attention to the distance remaining in 

the closing stages of a race, which possibly reflects the salience of this information to 

regulate output at this time. However, as discussed in Chapter 2, there are several 

limitations to using TA. These drawbacks include the ability of TA to capture 

subconscious processes of decision-making during performance. Therefore, we may 

need to look elsewhere for methods to explore the cognitive apparatus that governs 

the decision-making of energy regulation. Following on, effective self-regulation 

during endurance activity is thought to require both proactive, goal-driven processes 

and reactive, stimulus-driven processes (Brick, MacIntyre, & Campbell, 2016), 

however little is known of the underpinning cognitive mechanisms. Indeed, Furley 

and Wood (2016) highlight that executive functions such as working memory have 

not been embraced within sports performance research. As a central executive 

function, working memory and decision-making are important to human goal-

directed behaviour, alongside capacities such as planning, inhibition, problem-

solving, and selective and sustained attention. Therefore, this review aims to explore 

the self-regulation of endurance performance through the perspective of executive 

functioning to inform our understanding of important mechanisms. The limited 

consideration of executive function in the context of pace regulation is interesting 

and timely given that: (i) The prefrontal cortex (PFC) may play a role in exercise 

regulation through integrating afferent feedback from cardiovascular organs and 

locomotor muscles to guide decision-making (Robertson & Marino, 2016), and (ii) 

The PFC is a key brain structure implicated in the top-down signalling of executive 

functions (Funahashi & Andreau, 2013). 

Executive Function and Self-Regulation 

Executive function refers to ‘higher-level’ cognitive processes that exert top-

down regulation of ‘lower-level’ cognitive processes to support flexible and adaptive 

goal-directed behaviour (Alvarez & Emory, 2006). Miyake et al.'s (2000) latent 
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variable analysis revealed three distinct, yet related executive functions: ‘updating’, 

‘inhibition’ and ‘shifting’. Updating is synonymous with working memory and 

relates to the ability to maintain information within memory for quick retrieval, along 

with the ability to shield this information from distraction. Inhibition refers to the 

ability to deliberately inhibit or override dominant, automatic, or pre-potent 

responses. Shifting is the ability to switch between multiple tasks, operations, or 

mental sets. Hofmann et al., (2012) argue that self-regulatory processes are sub-

served by executive functions to enable effective goal-directed behaviour, with a 

minimum temporal perspective, encompassing achievement-related behaviours, 

personal strivings, and the regulation of shared goals. Self-regulation is purported to 

entail three main components (Baumeister & Heatherton, 1996): (i) Ideas, goals, and 

other conceptions of possible states; (ii) A feedback loop to assess the discrepancies 

between actual versus ideal standards; (iii) The capacity to achieve self-regulation 

despite obstacles and temptations. It is the third component of self-regulation that 

Hofmann et al. (2012) believe executive functions may contribute most to; however, 

these researchers highlight evidence linking the three executive functions and self-

regulation.  

To begin with, working memory may subserve the representation of goals 

and ideals, and the means by which goals and ideals can be met (Miller & Cohen, 

2001). Working memory is thought to play a key role in executive attention (Miller 

& Cohen, 2001). In what is termed ‘passive’ inhibition, executive attention is thought 

to contribute to the ‘shielding’ of goals from distractions through sustained attention 

upon goal-relevant stimuli of greater salience (Dreisbach & Haider, 2009). In 

addition, working memory has been implicated in emotional regulation and cognitive 

appraisal (Gross, 1998), which may be of significance to the psychophysiological 

determination of endurance performance. Intriguingly, a cognitive reappraisal 

strategy to regulate emotion during exercise improved emotional arousal and lowered 

perceived exertion during steady-state running versus distraction and emotion 

regulation strategies (Giles et al., 2018), although these improvements were not 

reflected in prefrontal haemodynamic changes. Moreover, those with lower impulse 

control performed worse on implicit reaction time measures of marker variables for 

individual’s impulsive predispositions (Hofmann et al., 2009). In addition, poorer 

response inhibition was associated with lower pain tolerance as measured by cold 
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pressor task performance (Karsdorp et al., 2014). Therefore, response inhibition has 

clear implications for impulsive control, and thus maintaining goal-directed 

behaviour despite competing impulses, desires, and temptations. In respect to 

shifting, Goschke (2003) developed the notion of a self-regulatory dilemma. 

Goschke (2003) suggested that there is a delicate balance required between ‘rigid’ 

goal pursuit which working memory and inhibitory processes facilitate, and 

flexibility in goal-obtainment means (‘means-shifting’) or pursuit of other goals 

(‘goal-shifting’). Means-shifting represents the abandonment of a sub-optimal 

method of goal-pursuit to pursue an alternative and superior method. Goal-shifting 

represents disengagement from pursuing one goal to focus on another goal. 

Therefore, in the context of self-regulating an endurance race (e.g., a marathon), a 

performer may have to block out numerous distractions (e.g., crowd noise) to ensure 

the pre-race strategy is retained in the working memory (updating), whilst resisting 

the temptation to slow down when highly fatigued (inhibition) and adjusting a pacing 

strategy to over-take an opponent (shifting).  

Given the inherent relationship between executive function and self-

regulation, the purpose of this review is to draw upon various research strands to 

uniquely show how the former may underlie the latter to contribute to the effective 

pacing of endurance performance. Firstly, the importance of self-regulation to pacing 

will be highlighted before a detailing of research suggesting a relationship between 

executive functions and endurance performance. The neurological underpinnings for 

the effect of exercise on executive functions will also be covered, alongside potential 

avenues to improve or maintain executive functioning to aid endurance performance.  

Self-Regulation and Endurance Performance 

One key component of endurance performance is pacing. In its simplest form, 

pacing refers to the method by which an athlete distributes work and energy 

throughout an exercise task (Abbiss & Laursen, 2008). Effective pacing is crucial to 

endurance performance; for instance, a high motivational drive could be indulged 

without due regard for homeostatic control, resulting in suboptimal performance 

through premature neuromuscular failure. In the most severe but rare instances, this 

failure can be catastrophic and is described by St. Clair Gibson et al. (2013) as the 

‘foster collapse’. In contrast, very conservative pacing will result in a greater chance 

of race completion, but may result in underperformance as a faster pace could have 
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been adopted. Thus, given the importance of pacing, explorations attempting to 

better understand the regulation of endurance activity have long been theorized. 

Joyner and Coyle (2008) have provided an overview of the physiological 

characteristics that contribute to endurance performance. Specifically, they conclude 

that maximum oxygen consumption, lactate threshold and economy (or efficiency) 

are the key factors predicting endurance performance, and as such, the running 

velocity or cycling power output that can be achieved over a given period of time. 

However, the authors acknowledge the probability that there is a complex interplay 

between motivational and sociological factors that further contribute to explaining 

differences in athletic performance. However, in the absence of accounting for these 

factors, no model can explain decision-making processes involved in pacing.  

Other models of endurance performance, covered more extensively in 

Chapter 1, do converge on a conscious or sub-conscious self-regulation of pacing. 

According to the central governor model (Noakes, 2004, 2012a, 2012b), afferent 

feedback from numerous physiological systems is collated to determine a ‘conscious’ 

rating of perceived exertion (RPE). This RPE is continuously compared to a 

subconscious ‘template’ related to the expected exertion to be experienced at given 

points during exercise of a known distance. However, this supposed subconscious 

central governor cannot accommodate for motivational and cognitive factors 

involved in the conscious decision-making and adjustment of pacing during 

performance. More analogous with self-regulatory processes underpinning pacing is 

the psychobiological model of endurance performance (Marcora, 2010). The 

psychobiological model is an effort-based decision-making model which theorizes 

that the conscious regulation of pace is determined primarily by effort perception and 

potential motivation.  

Brick, MacIntyre, and Campbell (2016) provide a cognitive perspective on 

the importance of self-regulation to endurance performance. The framework features 

two modes of cognitive control. Proactive control involves the goal-directed 

processing of information so that attention, perception and action are biased 

favourably towards goal obtainment. Reactive control is automatic and transient, and 

only engaged when required. Relative to proactive control, reactive control is less 

demanding of cognitive resources (e.g., executive functions). As detailed in Chapter 

1, Brick, Campbell et al. (2016) demonstrated that during a 3 km run, when the pace 



Psychology of Endurance Performance | Robert Hyland-Monks 

 

56 

 

was externally controlled, participants predominately utilised reactive control and 

their heart rate was lower, reflecting a difference in cognitive strategies adopted, and 

thus engagement of executive function. Although not a direct assessment of Brick, 

MacIntyre and Campbell’s (2016) work, recent research by Chacko et al. (2020) has 

indicated that moderate-to-vigorous aerobic exercise (i.e., 30 minutes of cycling at 

65-70% heart rate reserve) modulates neural mechanisms of reactive, but not 

proactive control as measured by electroencephalogram (EEG). Therefore, in support 

of Brick, Campbell et al. (2016), brain areas responsible for perceptual awareness 

(e.g., insular cortex) and selective attention (e.g., parieto-occipital areas) were more 

engaged during prescribed, as opposed to self-paced exercise..  

Informed by this, Brick et al. (2014) proposed a metacognitive framework of 

attentional focus and cognitive control for exercise self-regulation. According to the 

framework, outlined in Chapter 1, metacognitive skills (i.e., planning and 

monitoring) and experiences (e.g., feelings and judgments) are key to the self-

regulation of endurance performance. This framework encapsulates research 

highlighting that self-regulatory cognitions are associated with more effective pacing 

of endurance performance (Clingman & Hilliard, 1990; Rushall et al., 1988) and 

enhanced movement economy during endurance tasks (Crews, 1992; Martin et al., 

1995). Integrating contemporary perspectives on metacognitions, Roebers (2017) 

points to three interacting metacognitive processes: metacognitive knowledge (e.g., 

knowledge of cognitive processes; ‘thinking about thinking’), procedural 

metacognition (e.g., subjective assessment; monitoring of ongoing cognitive 

processes) and metacognitive control (e.g., the regulation of cognitive activities). 

Interestingly, as evident in the definitions provided, there are conceptual similarities 

between executive function and metacognition. For instance, they are both 

considered higher-order, controlled cognitive processes, underpinned by sub-

processes working in tandem to ensure goal-directed behaviour.  

Another line of inquiry relates to thought processes captured during exercise 

performance. As featured in Chapter 2, cyclist’s thoughts predominantly related to 

active self-regulation (Whitehead et al., 2018), and therefore effortful control of 

thoughts, feelings and action to optimise pacing. Moreover, these self-regulatory 

efforts were more prominent in trained cyclists. Thus, whether an acquired or an 

inherent quality, conscious self-regulatory processes may underpin the superior 
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pacing of trained athletes. Interestingly, TA and its possible interference in the self-

regulatory resources it is used to capture was also assessed in Chapter 2. Although 

promising for TA use moving forward, why no reactivity was observed in measures 

of performance, perceptual experience and cognition remains unclear. A possible 

explanation could relate to reactivity effects through time pressure found in previous 

research (Fox et al., 2011) are different in nature to a ‘race against the clock’ of a 

cycling TT. For instance, a prefrontal dependent task with time pressure is taxing of 

prefrontal regions to the extent that it is performed slower with the burden of TA. In 

contrast, TT performance does not carry this cognitive burden and therefore the 

resultant reactivity effects. Thus, alongside Chapter 2, further explorations of 

methods to explore the self-regulation of endurance performance are much needed.  

In summary, given the relationship between executive function and self-

regulation, an exploration of how the former may underpin the latter within the 

confines of endurance performance may shed further light on our understanding of 

pacing.  

Executive Function and Endurance Performance 

Several studies have explored and found differences in executive function 

and cognitive capacities across different sports, such as ‘externally-paced’ and ‘self-

paced’ sports (Ballester et al., 2019; Jacobson & Matthaeus, 2014), and ‘static’, 

‘interceptive’ and ‘strategic’ sports (Krenn et al., 2018). Generally, this body of 

research has observed that athletes of externally-paced and strategic sports (e.g., 

team sports), compared to self-paced and static sports (e.g., long-distance running), 

tend to perform better on measures of executive function, particularly response 

inhibition. However, the categorization of sports as above could be confounding to 

the assessment of cognitive abilities across disciplines. For instance, triathlon is 

defined as a static sport by Krenn et al. (2018), characterised by “…mainly self-

paced situations in highly consistent and stable circumstances” (p. 74). However, 

competitive triathlons require the ability to react to competitors (Williams et al., 

2015) and optimally self-regulate pace to avoid neuromuscular failure (St. Clair 

Gibson et al., 2013). Therefore, the complex and dynamical processes of endurance 

sports (Renfree & Casado, 2018) are not adequately captured by such labels. 

Reinforcing this, Krenn et al. (2018) categorized triathlon with conceptually very 

different sports such as shooting and weightlifting, which are, respectively, fine and 
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gross motor skill tasks without the pacing demands and competitor dynamics of 

endurance exercise sports.  

Given the limitations highlighted above, this body of research may be 

underappreciating the contribution of self-regulatory skills to endurance 

performance. In addition, this research has not sought to investigate the cognitive 

capacities of endurance performers as a prime objective. However, one study by 

Cona et al. (2015) has investigated runner’s cognitive abilities and race performance. 

In this study, thirty ultra-marathon runners completed cognitive testing prior to an 80 

km race. This testing involved detection (processing speed – testee responded to the 

presentation of a stimulus), go and no-go tasks (response inhibition – testee 

selectively responded to the presentation of a stimulus), a dual-task paradigm 

involving the completion of a two-back test (working memory – testee decided 

whether the current stimulus was the same stimulus presented two trials previous), 

whilst also remembering to respond to a pre-memorized stimulus (monitoring). 

Based on a median split of race performance, faster runners outperformed (i.e., mean 

accuracy) slower runners on the no-go task, but not the detect and go tasks. Reaction 

time to the pre-memorized stimulus was greater for slower runners during the two-

back same condition (i.e., stimuli presented was the same as two trials previous), and 

even more so for emotional stimuli (i.e., [un]pleasant vs. neutral stimuli). Moreover, 

interference (i.e., increased reaction time) was greater for slower runners when the 

valence of the pre-memorized stimulus matched that of the two-back test. In short, 

faster runners appeared to have better inhibitory control, not only over motor 

responses, but also over interfering and distracting information. Importantly, this 

research provides preliminary evidence that executive function may be predictive of 

endurance performance. However, race performance was the only measure of ability 

assessed. Compounding this, the race in question was halted at the 30 km mark due 

to adverse weather conditions. In addition, analysis of pacing profiles would have 

provided an indication as to whether executive function capacities underlined 

superior performance through better optimized pacing. 

Developmental research also provides evidence that highlights the role of 

executive functioning and cognitive mechanisms in the self-regulation of endurance 

performance. Micklewright et al. (2012) assessed the pacing behaviour of school 

children aged 5-14 years, and therefore at various stages of Piagetian cognitive 
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development, completing a 150 m running task. This study showed that the ability of 

children to effectively regulate pacing develops with age. Younger children typically 

exhibited a negative pacing profile initiated by an ‘all-out’ approach, compared to 

older children who typically adopted a more conservative pacing approach. This 

suggests that younger schoolchildren’s ability to set an appropriate initial pace is 

limited by poor anticipation of running task demands. Interestingly, when controlling 

for age, pacing differences were associated with various stages of cognitive 

development. Specifically, the youngest schoolchildren in the lowest stage of 

cognitive development exhibited the most ineffective pacing strategies. Given that 

other developmental milestones appear critical to self-regulation (e.g., adolescent 

changes in executive functioning, Cohen-Gilbert & Thomas, 2013), and executive 

functions continue to develop into early adulthood (De Luca et al., 2003), future 

research exploring how cognitive development relates to the pacing of endurance 

performance is warranted. Following on, Van Biesen et al. (2016) compared the in-

competition pacing of elite-level 400 m and 1500 m runners with and without 

intellectual impairment (intelligence quotient ≤ 75). Highlighting the critical role that 

cognitive functioning plays in pacing, runners with intellectual impairment displayed 

more variance in velocity fluctuations compared to runners without intellectual 

impairment, and when compared to the pacing profiles of world-record 

performances. This suggests that athletes with an intellectual impairment may find 

utilising metacognitive processes such as reactive control (Brick, MacIntyre, & 

Campbell, 2016) to optimise pacing more challenging.  

As detailed in Chapter 1, research demonstrating adverse effects of mental 

fatigue to subsequent physical performance also points to a relationship between 

executive function and endurance performance (see Van Cutsem et al., 2017, for a 

review). In this review, studies typically compared the effects of a prolonged and 

cognitively demanding task, versus a less demanding task, on subsequent endurance 

performance. Interestingly, most of the cognitive tasks used captured self-regulatory 

processes or executive functions. The AX-continuous performance test adopted by 

eight of 11 studies measured self-regulation in line with the dual-mechanisms of 

control framework (Braver et al., 2007). Stroop tasks utilised by three studies are a 

prototypical measure of inhibition (Miyake et al., 2000) and typically involve 

responding in a timely fashion to word meaning or ink colour with conditions being 
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congruent (e.g., ‘red’ displayed in red ink) or incongruent (e.g., ‘red’ displayed in 

blue ink). Van Cutsem et al. (2017) suggest that perception of effort plays a 

significant mediating role in the mental fatigue effects on endurance performance. 

Several theories to account for these effects have been provided. Of particular 

interest is the notion that extracellular concentration of adenosine (an endogenous 

nucleoside considered to be an inhibitor of neuronal activity) increases with neural 

activity (Lovatt et al., 2012). Moreover, adenosine accumulation within the brain of 

rats reduced exercise capacity (Davis et al., 2003). Pageaux et al., (2015) speculate 

that mental fatigue may induce adenosine accumulation in the pre-supplementary 

motor area and, saliently, the anterior cingulate cortex (ACC). The ACC is thought to 

be a ‘conduit’ between emotional experiences and executive functions (Mayberg et 

al., 2005), and is implicated in effortful cognitive control, as evidenced through 

activation of the area during incongruent Stroop task performance (Bush et al., 1998) 

and links to perception of effort (Williamson et al., 2001, 2002). Thus, perhaps the 

ACC plays a crucial role in maintaining executive functions to aid pacing, given the 

unpleasant emotions experienced that contribute to perception of effort during 

exercise. 

A recent study by Martin et al. (2016) compared the effects of mental fatigue 

on endurance performance for ‘professional-’ and ‘recreational-level’ cyclists (Pauw 

et al., 2013). These cyclists completed a 30-minute incongruent Stroop task or a 

comparatively easier control task, which entailed sitting quietly in front of a 

computer screen and focusing on a black cross for 10 minutes. Participants were then 

challenged to cover as much distance as possible within 20 minutes on a cycle 

ergometer. Interestingly, Stroop task accuracy was superior among professional 

cyclists compared to their recreational counterparts. Unlike professional cyclists, TT 

performance among recreational cyclists was worse in the mental exertion condition 

than in the control condition, as evidenced by a decrease in speed, power output and 

distance covered. The authors purported that Stroop performance was indicative of 

better inhibitory control in professional compared to recreational cyclists. In 

corroboration with Cona et al.’s (2015) findings, the results suggest that superior 

inhibitory control is a psychobiological characteristic of successful endurance 

athletes. To test the hypothesis that resistance to fatigue is trainable, recent research 

has investigated the benefit of a physical endurance training program to improve 
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resistance to mental fatigue among an untrained but healthy population (Filipas et al., 

2020). The researchers observed an improvement in TT performance (i.e., distance 

covered within 15 minutes) and power output relative to RPE for those completing 

an endurance training program (i.e., 12 sessions across 4 weeks) relative to a control 

group (i.e., documentary watching) following the inducement of mental exertion 

(i.e., 90-minute cognitive battery). However, given that no significant changes in 

cognitive parameters or perceived mental and physical demand were observed post-

intervention, to what extent improvements observed reflect central adaptions or 

merely an increase in cardio-respiratory fitness is unknown (de Lima-Junior et al., 

2021).  

From an applied perspective, research has highlighted the possible benefits of 

inhibitory control to endurance performance. Both involuntary distraction and 

awareness of internal physiological states during exercise are associated with 

inefficient pacing and movement economy, when compared to more active self-

regulatory cognitions (e.g., on technique; Brick et al., 2014). In addition, over 

processing of pain and discomfort has been associated with elevated perceptions of 

exertion (St. Clair Gibson et al., 2006). Therefore, superior inhibitory control may 

support self-regulatory attentional focus during challenging levels of exertion. 

Furthermore, it is likely that inhibitory control capacity becomes increasingly 

important during endurance tasks, given that sensations of physical discomfort 

become more salient with increasing intensities (Balagué et al., 2012). In summary, it 

is proposed that executive functioning supports effective self-regulatory cognition to 

aid endurance performance through its dual support of goal-directed attention and 

inhibition of attentional resources toward task-irrelevant stimuli. Ultimately, these 

functions keep conscious attention focused on goal-relevant information and free 

from information incompatible with the desired goal (e.g., pain and discomfort).  

Executive Function, Exercise and the Brain 

The reciprocal relationship between cognitive function and exercise means 

that whilst decision-making impacts effort regulation, exercise itself impacts 

cognition in numerous ways. Moderate intensity exercise enhances cognitive 

processing (Brisswalter et al., 2002), yet executive functioning, particularly for more 

complex, interference control, has been observed to compromise attentional 

resources that are required for large-scale bodily movements inherent in exercise 
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(Pontifex & Hillman, 2007). The effects of exercise on cerebral haemodynamics 

provides neurological evidence for the implication of executive functions in the self-

regulation of endurance performance. A systematic review by Rooks et al. (2010) 

considered the effects of incremental exercise on cerebral oxygenation as measured 

by functional near-infrared spectroscopy (fNIRS). This technology uses near-infrared 

light to measure cerebral haemodynamics by assessing the absorption spectra of 

oxyhaemoglobin (O2Hb) and deoxyhaemoglobin (HHb). fNIRS provides acceptable 

spatial resolution (~1 cm) and is more tolerant to movement artefacts than other 

measures (Rooks et al., 2010). Several key findings of the review are worthy of our 

attention. To begin with, PFC O2Hb changed as a function of exercise intensity and 

followed a quadratic trend. Oxygenation initially increased between low and 

moderate intensities, remained stable from moderate-to-hard intensities, and then 

declined at maximal, exhaustive intensities. Oxygenation also differed as a function 

of training status: aerobically trained participants obtained higher absolute O2Hb, 

HHb and cerebral blood volume as approximated by total haemoglobin (tHb). 

Among untrained participants, relative to their aerobically trained counterparts, a 

marked drop in O2Hb and a small increase in HHb accompanied declines in tHb. 

Given the importance of executive function to the self-regulation of 

endurance performance, of particular interest are studies that have investigated 

cerebral activity during self-paced, aerobic exercise performance. Two studies have 

investigated PFC haemodynamics during a full-effort 5 km treadmill run in both 

trained (Billaut et al., 2010) and elite-level Kenyan runners (Santos-Concejero et al., 

2015). In both studies, O2Hb and HHb increased across the first 2.5 km. However, 

oxygenation levels remained stable for elite level runners, whereas O2Hb decreased 

and HHb increased during the last 500 m among well-trained athletes. This suggests 

that some homeostatic disturbance is tolerated during high-intensity exercise. The 

stabilisation of measures for elite runners possibly relates to cerebrovascular 

remodelling to preserve cerebral oxygenation in those born at high altitude. Building 

on this work, research has explored the purpose of such cerebral changes during 

exercise. 

The reticular activating hypofrontality (RAH) model (Dietrich & Audiffren, 

2011) postulates specific neurological phenomena concerning PFC haemodynamics 

during exercise. The model works on the premise that whole-body dynamic exercise 
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is metabolically costly and neural processing that requires the brain’s limited 

metabolic resources continually occurs on a competitive basis. As a result, there is a 

compensatory and transient downregulation in brain areas involved in higher-order 

cognition (i.e., PFC) to brain regions more important for the control of movement: 

motor, sensory and autonomic areas. In addition, the greater the duration, and to a 

lesser extent, intensity of exercise, the greater the hypofrontality effect. Due to this 

hypofrontality, the model predicts that cognitive processes (i.e., top-down, goal-

driven processes) synonymous with executive function will be compromised during 

exercise, as will self-regulatory processes that are key to pacing. To support the 

model, Dietrich and Audiffren (2011) point to the exclusive impairment of 

performance during exercise on cognitive tasks requiring explicit processing, as 

opposed to implicit processing, or tasks requiring both. For instance, 45 minutes of 

cycling or running at 75% of maximum heart rate resulted in worse performance on 

the Wisconsin card sorting task (a measure of prefrontal dependent cognition), but 

not on the brief Kaufman intelligence test (a measure of general cognition; Dietrich 

& Sparling, 2004). However, the RAH model and Rooks et al.’s (2010) findings are 

not in full agreement, with evidence of a hypofrontality effect only occurring at 

maximal, exhaustive intensities. Beyond Rook et al.’s (2010) review, research 

conducted to investigate cerebral haemodynamics, exercise and executive functions 

has provided varied findings and mixed support for the RAH model.  

Santos-Concejero et al., 2017) tasked elite Kenyan runners to complete a 

training session that consisted of 1 km bouts at 5% faster than their average 5-km 

pace with 30 second recovery periods until volitional exhaustion. Left PFC O2Hb 

measured at the end of each bout progressively declined over the training session. 

O2Hb was higher during rest periods but also showed a progressive decline. The data 

was split to separate runners completing five or fewer bouts (i.e., early fatigue group) 

from those completing six or more (i.e., late fatigue group). Interestingly, O2Hb 

decreased less between bouts in the late fatigue group. The findings suggest that 

superior runners can better defend against decreases in cerebral oxygenation during 

self-paced exercise, providing a tangible link between endurance performance 

success and PFC O2Hb. Another study conducted by Sudo et al. (2017) required 32 

healthy males to complete a spatial delayed response (a measure of working 

memory) and a go no-go task pre and post an incremental cycle ergometer test or a 
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rest period. The degree of PFC cerebral oxygenation was associated with reaction 

time on the cognitive tasks post-exercise. The two measures were negatively 

correlated as cerebral oxygenation increased and reaction time shortened (i.e., 

improved). The present findings suggest that the maintenance and recovery of 

cerebral oxygenation are key determinants of cognitive performance in sports under 

exhaustive conditions. Thus, both studies show partial support for the RAH model 

(as cerebral haemodynamics were not measured over the motor cortex) and highlight 

the reciprocal relationship between the brain, exercise characteristics and their 

regulation. 

Radel et al. (2017) have recently suggested a refinement to the RAH model. 

Research has observed a causal link between the central executive network, 

including the right dorsolateral PFC responsible for attentional control, and the 

default mode network, including the right medial PFC responsible for mind-

wandering states (Dosenbach et al., 2006). In Radel et al.’s (2017) research, 

physically active participants were asked to cycle at 60% peak aerobic power for 

either 10 or 60 minutes. However, the test was always terminated after 10 minutes. 

Right dorsolateral PFC O2Hb was greater when participants anticipated exercising 

for 10 versus 60 minutes; the opposite was true for the right medial PFC. 

Participant’s focus was less on the trial in the 60- versus 10-minute trial and right 

dorsolateral PFC O2Hb positively correlated with self-reported focus on the task. 

Although distraction from an exercise task can be detrimental to performance 

(Connolly & Janelle, 2003), whether the reduced task focus observed represents 

active or passive distraction is unclear. Firstly, the authors assume that hypofrontality 

resulted from a strategic conservation of mental effort resources. As such, Radel et 

al. (2017) believe that if any part of the PFC is downregulated during exercise, it is 

the regions involved in the central executive network (i.e., the right dorsolateral 

PFC), as they support relatively costly functions and cannot be maintained for 

extended periods. Pertinently, these are the functions proposed to be most beneficial 

to the effective regulation of endurance performance (Brick, MacIntyre, & Campbell, 

2016).  

Despite the above findings, other research has demonstrated a hyperfrontality, 

as opposed to a hypofrontality effect. Research by Tempest et al. (2017) required 14 

physically active participants to complete 60 minutes of cycling at 10% above their 
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ventilatory threshold and at 30 Watts in a cross-over design. During cycling, 

participants completed 10 blocks of a two-back task, flanker task (response 

inhibition) and rest period (all 2 minutes in duration). High- versus low-intensity 

exercise shortened reaction time in the flanker task but impaired performance in the 

two-back task. These findings show a potential deleterious effect of high-intensity 

exercise on executive control. Right PFC O2Hb increased from blocks 1-3 in the 

high-intensity condition, then stabilised through to block 10; whilst right motor 

cortex O2Hb remained stable across all 10 blocks. Given the implications of 

compromised cognitive control for self-regulation of effort, these effects warrant 

further exploration in self-paced exercise alongside prescribed intensities. Whilst the 

findings contradict the RAH model, the lack of PFC O2Hb decline over time during 

high-intensity exercise may be attributable to the engagement of executive 

functioning. This suggests that active-self-regulatory processes can be engaged 

during effortful activity. Addressing post-exercise effects, Faulkner et al. (2016) 

tasked physically active participants with cycling at 45-60% of their VO2max on an 

upright and recumbent cycle ergometer. Post-exercise improvements in Stroop task 

completion time were observed in both exercise tasks and was associated with higher 

regional oxygen saturation (i.e., tissue saturation index) in the PFC. The findings 

provide an indication that moderate-intensity aerobic activity improves executive 

function acutely post-exercise (by 4-7%). Given these equivocal findings, further 

research is required to elucidate the neurophysiological impact of exercise on the 

PFC, its respective areas, and executive functioning. Moreover, investigations into 

the conditions (e.g., the nature of exercise, executive functions examined, 

participants characteristics etc.) that may mediate this relationship are also required.  

Alongside hypofrontality, laterality and the respective functions of the left 

and right PFC should also be considered. Concerning negative affect, the right PFC 

has been theorized to relate to avoidance-based emotion (e.g., anxiety) and the left 

PFC to approach-based emotion (e.g., anger; Davidson, 2002). As conceptualized by 

Ekkekakis (2009) and more recently Bigliassi and Filho (2022), it is possible that the 

PFC may influence decision-making during exercise by regulating this approach-

avoidance dynamic. Specifically, the right PFC functions to inhibit the amygdala 

(i.e., fear, threat detection) to suppress negative affect in the face of aversive stimuli 

(e.g., exercised-induced somatic cues), allowing an athlete to persist with exercise 
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under challenging circumstances. Empirical evidence for this specificity of the PFC 

during exercise is limited. However, using fNIRS, Subudhi et al. (2009) observed 

larger increases in oxygenation in the right compared to left PFC at volitional 

exhaustion. This would seem teleologically plausible until a level of homeostatic 

disturbance would be damaging, whereby inhibition from the PFC would desist, 

allowing interceptive afferents to dominate conscious awareness, leading to a 

lowering of work rate or termination of exercise. However, as little is known about 

PFC asymmetries during exercise performance, ambitious projects using multi-

channel fNIRS systems to measure several bilateral brain regions (e.g., prefrontal 

and motor regions) are needed to explore the specific functions of the PFC in self-

regulating performance.  

Moving on, if executive function is important to the self-regulation of 

endurance performance as described above, is it possible to ‘boost’ executive 

functioning to aid decision-making and pacing during effortful exertion by using 

cognitive strategies? Tempest and Parfitt (2013) investigated the effect of imagery on 

affective response and PFC haemodynamics during exercise. Physically active 

participants employed energy- and enjoyment-focused imagery during an 

incremental cycling test to exhaustion. At intensities above the ventilatory threshold, 

dorsolateral PFC HHb was higher and O2Hb lower in the imagery versus control 

condition, indicating greater dorsolateral PFC activity (i.e., oxygen utilisation). 

Below the ventilatory threshold, cognitive factors are thought to largely determine 

affective response; above the ventilatory threshold, interoceptive cues become more 

salient as workload intensity becomes more difficult to maintain (Ekkekakis, 2005). 

Thus, imagery may serve to engage the dorsolateral PFC and maintain cognitive 

dominance around and above the ventilatory threshold, aiding self-regulation during 

high-intensity exercise associated with greater threat from interoceptive cues. 

Moving on, Wallace et al. (2017) conducted a novel investigation into the 

effectiveness of motivational self-talk on constant-load cycling, time to exhaustion 

and cognitive function among trained athletes in the heat. Only motivational self-talk 

significantly improved time to exhaustion (29% increase) and this was coupled with 

an ability to maintain near maximal self-reported exertion for significantly longer 

(100% increase). In addition, motivational self-talk led to a significant improvement 

in both the speed and accuracy of the Groton maze learning task (a measure of error 
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detection and spatial memory) during rest periods between the exercise tasks. Thus, 

motivational self-talk may influence the appraisal of exertion related to physical 

exercise and improve executive function when exercising in the heat. Motivational 

self-talk may also impact relevant areas of the brain (e.g., the anterior insular cortex 

and ACC) implicated in the appraisal of afferent homeostatic signals to determine 

perceptions of bodily state (e.g., thermo-physiological strain; Paulus et al., 2009) and 

executive function (Robertson & Marino, 2016), ultimately mitigating the volitional 

termination of exercise. Although the evidence is limited to-date, these studies 

suggest that the employment of active cognitive strategies during challenging 

exertion can support executive function through changes in associated brain regions 

that may have important implications for the ability to effectively regulate effort. 

Following on from Martin et al.’s (2016) findings mentioned previously, the 

authors speculate on the extent to which inhibitory control is an inherited or acquired 

ability. Twin studies suggest that executive functions are one of the most inheritable 

psychological traits (Friedman et al., 2008). Nonetheless, endurance athletes likely 

exercise inhibitory control on a more regular basis than the general population (e.g., 

strict adherence to dietary and training regimens), potentially strengthening their 

inhibitory control. Indeed, students who completed self-control exercises 

demonstrated greater self-regulatory capacity on a handgrip endurance task following 

a thought suppression task requiring inhibitory control (Muraven et al., 1999). Thus, 

future research should look to establish whether executive functions themselves are 

trainable, and the impact this may have on endurance performance. Preliminary 

findings highlighted that 12 weeks of regular endurance training coupled with the 

completion of a mentally fatiguing task (the AX-continuous performance test) 

improved cycling time to exhaustion, relative to endurance training alone (Marcora 

et al., 2015). Transcranial direct current stimulation (tDCS) has also shown promise 

as an ergogenic aid to improve endurance performance. tDCS is a non-invasive 

method to stimulate the brain and increase cortical excitability (Nitsche & Paulus, 

2000). A review conducted by Machado et al. (2019) featured two studies using 

tCDS over the dorsolateral PFC; one study showed an improvement in time to 

exhaustion completed at peak aerobic power (Lattari et al., 2018), while the other 

showed no improvement in 20-minute cycling TT performance (Holgado et al., 

2019) versus control (i.e., sham tDCS) conditions. Whilst these explorations are 
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nascent at present, it is plausible that tDCS can enhance executive control to increase 

exercise tolerance under high-workload, however further research is required.  

Conclusion and Future Directions 

In summary, Figure 3.1 contains several key propositions from the present 

review. Firstly, whole-body exercise impacts on executive function and associated 

brain areas, as evident in performance on prefrontal-dependent tasks (Dietrich & 

Audiffren, 2011) and PFC cerebral haemodynamics (Rooks et al., 2010) during 

exercise. There is also evidence to suggest that psychological interventions (e.g., 

Tempest & Parfitt, 2013), training executive functions (e.g., Marcora et al., 2015) 

and tDCS (e.g., Lattari et al., 2018) can potentially 'boost' executive functioning to 

aid endurance performance. Secondly, executive function would appear to underpin 

self-regulation (Hofmann et al., 2012) and is intricately linked to meta-cognitive 

processes (Roebers, 2017). As a result, the authors propose that self-regulation is 

crucial to endurance performance and that executive function may underpin the top-

down self-regulatory processes involved. Indeed, baseline executive functioning 

capacity has explained subsequent differences in endurance performance (e.g., Cona 

et al., 2015). As such, challenges to, or deficits in executive functioning would have 

potentially negative implications for exercise tolerance, and the pacing and decision-

making required for optimal endurance performance. 

 

Figure 3.1 Executive Function, Self-Regulation and Endurance Performance. 
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Given the recent implication of executive functions in endurance 

performance, there is plenty of scope for future research. Assessment of PFC 

haemodynamics could provide greater validity to contemporary findings and theories 

in exercise science. For instance, with respect to Brick et al.’s (2014) metacognitive 

framework, are there PFC activity differences when reactive versus proactive control 

is adopted? In addition, is PFC activity different between trained versus untrained 

athletes, and is this a reflection of reported focus (i.e., active self-regulation vs. 

involuntary distraction)? Following on, are PFC changes during endurance 

performance following mental fatigue induced by prefrontal task dependent 

engagement (Van Cutsem et al., 2017)? Indeed, the mental fatigue literature has been 

cited as key evidence to support the psychobiological model of endurance 

performance (Pageaux et al., 2014). Building on Tempest and Parfitt’s (2013) work, 

there is scope for further research to investigate whether engagement of executive 

functions may be a mechanism by which psychological interventions improve 

endurance performance. For instance, assessment of PFC haemodynamics would add 

weight to and build on research showing benefits to both performance and cognition 

through motivational self-talk (Wallace et al., 2017). Moreover, there is sufficient 

findings to warrant further investigations into the engagement of executive functions 

via PFC tDCS (e.g., Machado et al., 2019), the trainability of executive functions via 

prefrontal dependent task practice (e.g., Marcora et al., 2015), and the transferability 

of these effects to endurance performance. However, this future research will need 

building on sound methodological foundations. This is especially pertinent where 

this concerns the adoption of relatively new and complex technologies, such as 

fNIRS. In Chapter 4, literature concerning fNIRS assessment of cerebral 

haemodynamics during self-paced endurance performance will be under scrutiny, 

with both the methodology itself and the findings from reviewed studies subject to 

critique.  
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Chapter 4 Self-Paced Endurance Performance and Cerebral 

Haemodynamics of the Prefrontal Cortex: A Scoping Review of fNIRS 

Methodology and Findings 

Parts of this chapter have been published in a peer-reviewed journal. 

Hyland-Monks, R., Marchant, D., & Cronin, L. (2022). Self-Paced Endurance 

Performance and Cerebral Hemodynamics of the Prefrontal Cortex: A 

Scoping Review of Methodology and Findings. Perceptual and Motor 

Skills, 129(4), 1089-1114. https://doi.org/10.1177/00315125221101017 
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Abstract 

Recent research has suggested that top-down executive function associated 

with the prefrontal cortex is key to self-regulation and feedback decision-making in 

pacing endurance performance. A small but growing literature has investigated the 

neurological underpinnings of these processes by subjecting the prefrontal cortex to 

functional near-infrared spectroscopy (fNIRS) measurement during self-paced 

endurance task performance. Since fNIRS measurement for these purposes is a 

recent development, the principal aim in this review was to assess fNIRS 

methodological rigor and findings. Promisingly, in 17 studies that met the criteria for 

inclusion, most had adopted commonplace and feasible best practice guidelines. 

However, non-adherence to some guidelines included failure to implement measures 

to remove artefacts from data. These studies revealed the significance of cerebral 

oxygenation in endurance performance and the specific role of the prefrontal cortex 

in pacing behaviour. Future research should more closely follow best practice 

guidelines and focus on the role of the brain to develop techniques for improving or 

maintaining PFC oxygenation in endurance performance.  
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Introduction   

Chapter 3 outlined how self-regulation is crucial to the decision-making 

processes and pacing of endurance exercise performance (Hyland-Monks et al., 

2018). The review conducted by Hyland-Monks and colleagues draws upon various 

research domains to argue that executive function, predominantly governed by the 

prefrontal cortex (PFC), underlies the top-down self-regulation of endurance 

performance. Although executive function per se is not explicitly referenced, 

contemporary thinking concerning the psychology of endurance performance places 

self-regulatory processes at centre stage. For instance, Brick et al. (2014) argue that 

metacognitive skills (i.e., planning and monitoring) and experiences (i.e., feeling and 

judgements) are key to the regulation of endurance performance. Providing a 

foundation for this work, Roebers (2017) presented a unified account of self-

regulation by synthesizing the scientific understanding of executive function and 

metacognition. Furthermore, Marcora's (2010) psychobiological model proposed that 

the conscious regulation of pace is governed by the integration of potential 

motivation and effort perception. Perceived exertion, motivational drive, and 

potential modifiers of these variables (e.g., self-talk; Barwood et al., 2015) may be 

information that is, in part, integrated by the PFC to inform decision-making 

regarding pace (Robertson & Marino, 2016).  

Following on, researchers have theorized that an evolutionary-driven trade-

off in efficiency impacts brain activity during exercise. The reticular activating 

hypofrontality (RAH) model (Dietrich & Audiffren, 2011) proposes that exercise 

induces a hypofrontality effect. As whole-body dynamic exercise is metabolically 

costly, the limited resources of the brain are preserved for areas implicated in the 

control of movement (i.e., motor and sensory areas; Christensen et al., 2000), 

resulting in a downregulation in the PFC with associated costs to EF. This 

hypofrontality effect is thought to increase in line with exercise duration and 

intensity. Therefore, based on the RAH model propositions, the downregulation of 

the ‘hardware’ to self-regulate during exercise presents a challenge to endurance 

performers concerning the top-down control of pacing. This has possible 

implications for the ability to integrate performance feedback by the PFC. 

Experimental (Wingfield et al., 2018) and field-based (Dukalski et al., 2020) research 

has demonstrated that the removal of live performance feedback hinders cycling 



Psychology of Endurance Performance | Robert Hyland-Monks 

 

73 

 

time-trial (TT) performance and pacing. Interestingly, when feedback was provided, 

power output was strongly associated with PFC activity (Wingfield et al., 2018). This 

ability to integrate performance feedback may also explain differences in 

performance. Faster finishers in an ultramarathon displayed superior executive 

function capacities (Cona et al., 2015). Likewise, more experienced cyclists were less 

susceptible to mental fatigue (induced through executive function testing) in 

subsequent TT performance (Martin et al., 2016).  

Given the above, researchers have sought to investigate the PFC and its 

potential role in endurance performance using functional near-infrared spectroscopy 

(fNIRS). fNIRS is a non-invasive method reliant on near-infrared light (between 

650–900 nm) to measure cerebral haemodynamics by assessing the absorption 

spectra of oxyhaemoglobin (O2Hb) and deoxyhaemoglobin (HHb) reflections from 

cortical tissue (Villringer et al., 1993). fNIRS relies on neurovascular coupling 

(Filosa & Blanco, 2007), whereby an increase in energy consumption from an active 

brain region increases cerebral blood flow to the area to supply oxygen and nutrients. 

As oxygenation outstrips demand, blood oxygenation levels rise in the brain area in 

question. This interplay between O2Hb and HHb forms the basis by which fNIRS 

methodology allows inference regarding cortical activity from neurovascular 

redistribution. fNIRS is used within exercise research because the technology is 

relatively robust to movement artefacts and offers acceptable spatial resolution in 

comparison to other available neuroimaging methods (Perrey, 2008). 

A systematic review of cerebral oxygenation (Cox) during incremental 

exercise found that oxygenation in the PFC typically increases between low and 

moderate exercise intensities, remains stable from moderate-to-hard intensities, and 

decreases when nearing exhaustion (Rooks et al., 2010). At very hard intensities, 

compared to their less trained counterparts, aerobically trained participants obtained 

higher absolute values of O2Hb, HHb and cerebral blood volume, as approximated 

by total haemoglobin (tHb). Further research has also focused on cerebral 

haemodynamics to shed light on the psychology of endurance performance. 

Investigators have observed changes in PFC activity as a function of exercise 

intensity and cognitive load (Tempest et al., 2017), deception regarding exercise 

duration (Radel et al., 2017) and using imagery to aid performance (Tempest & 

Parfitt, 2013). However, these investigators adopted methodologies that featured 
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prescribed exercise intensities. Therefore, self-paced protocols are also needed to 

gain insight into the self-regulation of endurance performance via brain-based 

executive processes.  

A small and growing cohort of researchers are interested in self-paced 

endurance performance and the cerebral haemodynamics implicated in EF. This 

work has included exploratory investigations of PFC oxygenation during full-effort 

treadmill TT running in trained (Billaut et al., 2010) and elite (Santos-Concejero et 

al., 2015) athletes. Several studies have investigated simulated altitude effects (i.e., 

hypoxia) on PFC haemodynamics during self-paced endurance performance 

(Bourdillon et al., 2014; Fan et al., 2013; Ferguson et al., 2018; Hamlin et al., 2010; 

Nielsen et al., 1999), while others have investigated the potential for ergogenic aids 

to ameliorate hypoxic effects or increase cerebral perfusion (Decroix et al., 2016, 

2018; Fan et al., 2018; Liao et al., 2019; Shannon et al., 2017; Shaw et al., 2020). In 

addition, new research has provided insight into the effect of feedback blinding 

(Wingfield et al., 2018) and distance deception (Wingfield et al., 2019) on PFC 

oxygenation during cycling TT performance.  

The methodology for self-paced protocols used in the studies mentioned 

above presents several challenges for fNIRS measurement of the brain. Most 

pertinent is the high-intensity effort performed around and above the ventilatory 

threshold (Goldberg et al., 1988). Although most athletes distribute their resources to 

avoid complete catastrophic failure and collapse (St. Clair Gibson et al., 2013), the 

strain of high-intensity exercise results in biomechanical changes in motor 

performance, for instance, at the hip and knee joint during cycling (Bini et al., 2010). 

This likely has implications for whole-body movement, as evident in the ‘swaying’ 

of the upper body observed in cyclists when fatigued. This creates the potential for 

movement artefacts in addition to those presented by lower intensity exercise. 

Although analytic techniques may mitigate the effect of artefacts, they still present a 

possible confounding effect by reducing the signal-to-noise ratio (Pinti et al., 2019). 

A second challenge relates to experimental control. Many protocols using fNIRS for 

exercise-based research have adopted block or event-related designs (Herold et al., 

2018), allowing researchers to relate cortical haemodynamics to discrete events (e.g., 

assessment at various prescribed exercise intensities). Although experimental 

manipulations can be used in self-paced protocols, participants are typically free to 
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pace activities as they wish, giving added importance to how researchers analyse 

fNIRS data to compare experimental conditions (e.g., recording windows). To date, 

however, there have been no extensive efforts to specifically review this body of 

research and the unique challenges it presents.  

Several recent efforts have been made to review both the methodology and 

findings of exercise-based research using fNIRS to assess cortical haemodynamics. 

Perrey and Besson (2018) compared this methodology to other neuroimaging 

methods and highlighted attempts at using fNIRS to answer longstanding unknowns 

regarding exercise physiology and neurological phenomena (e.g., acute and long-

standing effects of exercise on the brain). Herold et al. (2018) systematically 

reviewed the methodological rigor of studies using fNIRS to investigate cerebral 

haemodynamics, cognition and exercise. Most recently, De Wachter et al. (2021) 

reviewed the literature on endurance performance and PFC oxygenation, organizing 

their findings by the nature of the exercise completed (i.e., intensity). However, this 

review only featured three of the studies included in the present review. Although 

touched upon in Chapter 3, no review has primarily focused on studies using fNIRS 

during self-paced endurance performance. The aim of this review was to assess both 

the methodology and findings of investigations using fNIRS to study the relationship 

between cortical haemodynamics of the PFC and self-paced endurance performance. 

More specifically, the review sought to establish best practice evidence for fNIRS 

use and the adherence of reviewed studies to these guidelines, and to provide a 

theoretical and practical commentary on study findings to date.  

Method 

To ensure robustness and adherence to discipline standards, where 

appropriate, the researcher followed the guidelines provided by the Preferred 

Reporting Items for Systematic Review and Meta-Analyses (PRISMA) pertaining to 

scoping reviews (Tricco et al., 2018). To ensure transparency, the review was 

preregistered on the Open Science Framework website (DOI: 

10.17605/OSF.IO/7XDBJ).  

Search Process and Criteria 

In November 2021, the researcher performed a systematic literature search 

across two electronic databases (PsychINFO and SPORTDiscus) to identify relevant 

https://doi.org/10.17605/OSF.IO/7XDBJ
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studies using the following criteria: (i) Inclusion of at least one self-paced, full-effort 

performance-focused endurance exercise task, defined as whole-body, dynamic 

exercise that involved continuous effort and lasted for 75 seconds or longer 

(McCormick et al., 2019), and (ii) Use of fNIRS to assess cortical haemodynamics 

over any area of the PFC during exercise. Searches were restricted to article titles of 

studies published in English language only. As fNIRS use in human research began 

in the early 1990s (Ferrari & Quaresima, 2012), the search process was also 

restricted to articles published between 1990-present. For SPORTDiscus, the search 

was further restricted to journal articles with abstracts available. For PsychINFO, the 

search was restricted to articles using human participants aged 18+ years. The 

following search strings were used in both databases: 

aerobic OR cycli* OR endurance OR exercis* OR pace OR pacing OR 

physical activity OR run* OR time trial* OR time-trial* OR training  

AND 

cerebral OR cortical OR fNIRS OR functional near-infrared spectroscopy OR 

near-infrared spectroscopy OR neural OR NIRS OR oxygenation OR PFC 

OR prefrontal cortex  

NOT  

cerebral palsy1  

All articles derived from the search strategy described above were databased 

in Mendeley Desktop (v1.19.8). To remove any duplicates, a ‘check for duplicates’ 

was performed within the software. The study criteria described above was used to 

conduct a careful review of the articles’ titles, abstracts, and keywords. Articles that 

fell unambiguously outside these criteria at this stage were excluded. The remaining 

articles were then subject to full-text review against the study criteria. A reason for 

any articles excluded from review at this stage was provided. The references and 

citations of articles that reached the full-text review stage were then screened. Any of 

 
1Cerebral palsy was included as an exclusory term as it was a prevalent ‘subject’ in pilot 

searches of the SPORTDiscus database and unlikely to capture research of interest to the 

review.  
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these articles that met the study criteria were then also subject to full-text review. 

Figure 4.1 outlines this search process and Table 4.1 outlines the inclusion criteria.  

 

Table 4.1 Study Criteria for Review Inclusion. 

Study criteria   

i. Published in a peer-reviewed journal.  

ii. Published in English language. 

iii. Published between 1990-present. 

iv. Healthy participants aged 18+ years who were not defined as a clinical population.  

v. fNIRS measurement of the PFC during full-effort self-paced endurance performance 

(defined as whole-body dynamic exercise lasting ≥ 75 seconds).  

vi. Clear reporting of research methods, participants, measures, and outcomes. 

Note. fNIRS = functional near-infrared spectroscopy, PFC = prefrontal cortex.  

Data Extraction  

Following the full-text review stage, 17 studies were found to meet the study 

criteria. The following information was extracted from these studies: study 

Figure 4.1 Flowchart Detailing the Selection Process. 
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authorship and year of publication; sample characteristics, including sample size, 

gender, and proxies of cardiorespiratory fitness level; key elements of study 

methodology and findings. Concerning fNIRS, the following information was 

extracted: brain region of interest (ROI); fNIRS recording methods, including 

methods of optode placement, source-detector separation distance and baseline 

recording protocols; data processing and methods of analysis, including differential 

pathlength factor (DPF) determination, artefact removal methods and data analysis 

techniques.  

Results and Discussion 

This section features the key methodological considerations for fNIRS 

recording, data processing and data analysis for exercise-based research. First, the 

importance of each consideration is stressed, and then an outline of how the reviewed 

studies approached each consideration is presented. The reviewed studies are 

compared to what has now been determined in relation to methodological rigor in the 

broader context of exercise-based research. Table 4.2 outlines best practice 

recommendations derived from both exercise-based research (e.g., Herold et al., 

2018) and broader methodological reviews of fNIRS quality control (e.g., Orihuela-

Espina et al., 2010). Table 4.2 also features the adherence of reviewed studies to 

these recommendations.  

Table 4.2 Best Practice Recommendations for use of fNIRS for Cerebral 

Measurement and Number of Reviewed Studies that Adhered to These 

Recommendations. 

 
Key recommendations Study 

adherence 

fNIRS recording  

Positioning & 

securing optodes  

 

Optimal: Co-registration via fMRIa or 3-D digitizera.  None 

Acceptable: Use of 10-20 EEG international system. 10 studies 

 

Use of placeholder, headband, or adhesive tape to 

secure position. 

13 studies 

Source-detector 

separation  

Appropriate inter-optode distance range for adults: 

3-5 cm.  

15 studies  

Baseline  Position reflects the postural demands of the 

exercise task.  

15 studies  

No optimal length established but should be 

appropriate to research design. 

N/Ab 
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Observation of fNIRS channel traces for good SNR 

(i.e., pulsation).  

None 

Data processing & 

analysis   

 

DPF  Optimal: Direct quantification of DPF valuesa. None 

Acceptable: Use of age-dependent formula.  6 studies  

Artefacts General artefact removal through use of appropriate 

set cut-off frequencies (i.e., bandpass filter).  

1 study  

Physiological and motion artefact removal through 

sophisticated methods (e.g., principal component 

analysis).  

None 

Data analysis Where appropriate, baseline correction to data 

performed.  

All studies  

Analysis to include O2Hb and HHb at minimum.  15 studies 

Measurement windows for averaging data should be 

appropriate to research design. 

N/Ab 

Note. Adherence was inferred from sufficient reference to procedures in a full-text review. 

DPF = differential pathlength factor, EEG = electroencephalographic, fMRI = functional 

magnetic resonance imaging, fNIRS = functional near-infrared spectroscopy, HHb = 

deoxyhaemoglobin, O2Hb = oxyhaemoglobin, SNR = signal-to-noise ratio.  
aRarely adopted approach in exercise-based research.  
bJudgment is reserved as a subjective decision by researchers made in line with research 

design.  

Positioning and Securing Optodes 

Accurate and reliable positioning of optodes is crucial to allow for data 

recording from the ROI to make sound comparisons within and between participants. 

The gold standard for optode positioning is co-registration with magnetic resonance 

anatomical data (Orihuela-Espina et al., 2010). This is a costly procedure and 

therefore unlikely to be available to most investigators in sport and exercise science 

laboratories. Newer methods allow for the personalization of optode positioning by 

using measurements from a 3D digitizer (Fekete et al., 2011). However. this method 

has yet to become common practice, not least in sport science. The 10-20 

electroencephalographic (EEG) system is typically used for optode positioning in 

sport and exercise research adopting fNIRS (Herold et al., 2018). Ten of the 

reviewed studies used the 10-20 EEG system for optode placement (Billaut et al., 

2010; Bourdillon et al., 2014; Decroix et al., 2016, 2018; Liao et al., 2019; Pires et 

al., 2016; Robertson et al., 2016; Santos-Concejero et al., 2015; Wingfield et al., 

2018, 2019). Seven studies made anatomical references to the PFC (i.e., forehead) 
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but used no recognized system (Fan et al., 2013, 2018; Ferguson et al., 2018; Hamlin 

et al., 2010; Nielsen et al., 1999; Shannon et al., 2017; Shaw et al., 2020). Therefore, 

the reviewed studies partially reflect trends seen in the broader exercise-based 

literature.  

Several methods were adopted by the reviewed studies to mitigate the impact 

of optode movement and to block extraneous light. These are especially important 

measures in respect to whole-body dynamic exercise which increases the risk of 

optode movement. These included securing optodes in some form of placeholder by 

black tape or adhesive discs (Billaut et al., 2010; Decroix et al., 2016, 2018; 

Ferguson et al., 2018; Hamlin et al., 2010; Nielsen et al., 1999; Pires et al., 2016; 

Robertson et al., 2016; Santos-Concejero et al., 2015; Shannon et al., 2017; 

Wingfield et al., 2018, 2019), and coverage of optodes with a dark headband or 

material (Billaut et al., 2010; Decroix et al., 2016, 2018; Robertson et al., 2016; 

Santos-Concejero et al., 2015; Shaw et al., 2020). These measures are important for 

ensuring good optode-skin coupling, limiting ambient light reaching detectors, 

reducing the prospect of optode movement artefacts, and improving the wearer’s 

comfort (Orihuela-Espina et al., 2010).  

Source-Detector Separation  

Establishing the optimal source-detector separation is an important 

consideration. This is because a shorter distance results in signals originating from 

extra-cerebral structures and a longer distance (∼45 mm and above) results in 

reduced signal quality as little light reaches the detectors (Orihuela-Espina et al., 

2010). The majority of exercise-based research has used a 30 mm distance (Herold et 

al., 2018). A variety of source-detector separations were adopted by the reviewed 

studies, ranging from 30 mm to 50 mm: 30 mm (Santos-Concejero et al., 2015), 35 

mm (Shannon et al., 2017), 40 mm or 41 mm (Bourdillon et al., 2014; Decroix et al., 

2016, 2018; Fan et al., 2013, 2018; Ferguson et al., 2018; Nielsen et al., 1999; 

Robertson et al., 2016; Wingfield et al., 2018, 2019), 45 mm (Billaut et al., 2010; 

Pires et al., 2016) and 50 mm (Hamlin et al., 2010). Therefore, all distances selected 

were around or just above distances commonly adopted in neuroscience more 

broadly and sport science research specifically. However, two studies did not report a 

source-detector separation distance (Liao et al., 2019; Shaw et al., 2020). 
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Baseline  

Participant instruction, duration and environmental conditions are all 

important considerations when obtaining baseline data for accurate comparison of 

changes in experimental conditions from rest values. As Herold et al. (2018) 

highlighted, no general consensus exists concerning baseline duration. However, a 

10-30 second baseline is suggested as a balanced consideration to remove the 

prospect of random physiological fluctuations for shorter baselines and the prospect 

of mind-wandering for longer baselines. Pertinently, on this latter point, mind 

wandering has been implicated in the medial PFC as measured by fNIRS (Durantin 

et al., 2015). Furthermore, it would be prudent to consider changes in PFC activity as 

a function of exercise task demands that appear to reflect ‘on’ and ‘off’ task foci 

(Radel et al., 2017).  

Baseline procedures in the reviewed studies included both 60-second 

(Robertson et al., 2016; Wingfield et al., 2018, 2019) and 120-second durations 

(Billaut et al., 2010; Decroix et al., 2016, 2018; Hamlin et al., 2010; Pires et al., 

2016; Santos-Concejero et al., 2015). The remaining studies used longer or 

undetermined baseline durations that often served to provide baseline data for several 

study measures, including fNIRS (Bourdillon et al., 2014; Fan et al., 2013, 2018; 

Ferguson et al., 2018; Liao et al., 2019; Nielsen et al., 1999; Shannon et al., 2017; 

Shaw et al., 2020). Concerning the broader base of exercise research, a 30-second 

baseline was most commonly used, although several studies opted for longer 

durations (Herold et al., 2018). In addition, other techniques were also employed by 

reviewed studies to reduce movement artefacts and environmental stimuli as 

confounds during baseline recordings. These included removing auditory and visual 

distractions (Wingfield et al., 2018, 2019), asking participants to remain silent 

(Billaut et al., 2010; Decroix et al., 2016, 2018), to restrict bodily movement 

(Decroix et al., 2016, 2018; Pires et al., 2016) and to close their eyes (Billaut et al., 

2010; Pires et al., 2016; Robertson et al., 2016; Santos-Concejero et al., 2015).  

Given that posture-dependent differences in cerebral haemodynamics have 

been observed in the healthy adult brain (Tachtsidis et al., 2004), it is important to 

ensure that baseline procedures reflect the postural demands of the task. Therefore, 

for consistency across studies, most reviews recommend a seated position for 

baseline protocols (Herold et al., 2018). Promisingly, most reviewed studies used 
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posture-appropriate baseline procedures that reflected the seated nature of the 

exercise task adopted (i.e., cycling). A noted exception is the use of a standing 

baseline in one study where the exercise task required treadmill running (Billaut et 

al., 2010). However, a seated baseline was conducted in two studies also using a 

running task (Santos-Concejero et al., 2015; Shaw et al., 2020).  

Differential Pathlength Factor (DPF) 

To derive quantitative concentration changes from measurements of light 

attenuation, the DPF must be known. Therefore, correct calculation of the DPF is 

vital to minimize the possibility of cross-talk (i.e., incorrect separation of 

chromospheres; Uludaǧ et al., 2004). Using constant DPF values is suboptimal given 

that subject-to-subject variability leads to systematic errors in fNIRS signal 

measurement (Strangman et al., 2002). Therefore, measurement of DPF values as a 

function of age is recommended (Duncan et al., 1996). 

Six of the reviewed studies opted to use an age-dependent DPF (Billaut et al., 

2010; Bourdillon et al., 2014; Decroix et al., 2016; Fan et al., 2013, 2018; Shannon et 

al., 2017), while eight studies opted to specify constant wavelength values (Ferguson 

et al., 2018; Hamlin et al., 2010; Nielsen et al., 1999; Pires et al., 2016; Robertson et 

al., 2016; Santos-Concejero et al., 2015; Wingfield et al., 2018, 2019). However, 

three studies did not report DPF values (Decroix et al., 2018; Liao et al., 2019; Shaw 

et al., 2020). The use of age-dependent DPF values appears to be rare in the broader 

field of exercise-based fNIRS work to date (Herold et al., 2018). Therefore, the 

reviewed studies did not fully follow this trend with a sizeable minority using an age-

dependent formula.  

Artefacts 

 There are two main sources of fNIRS signal noise: (i) physiological 

oscillations (e.g., due to heart rate beats) and (ii) movement-related artefacts (e.g., 

signal changes evoked by bodily movements; Pinti et al., 2019). Pertinently, these 

sources of noise are of particular importance to exercise-based research. Filtering 

methods are typically adopted to reduce the contribution of noise to task-evoked 

haemodynamic response, therefore improving the signal-to-noise ratio. In addition, 

several software packages are now available that allow for signal processing through 

algorithmic checks and visual assessment (for an overview, see Orihuela-Espina et 
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al., 2010). Despite commonplace efforts to improve the signal-to-noise ratio in 

exercise-based research (Herold et al., 2018), only one study referred to taking these 

extra measures by using a low-bandpass filter (Pires et al., 2016).  

Data Analysis 

To account for individual variability, a baseline correction to fNIRS data 

should be performed prior to analysis. Studies often perform ANOVA’s to 

inferentially analyse mean values, however, the use of median values may be 

preferable as they are less susceptible to outliers for datasets with small samples 

(Herold et al., 2018). This is particularly pertinent for sport science research where 

small sample sizes are commonplace (Bernards et al., 2017). Using both O2Hb and 

HHb provides different strengths for analysis and interpretation. As Orihuela-Espina 

et al. (2010) summarize, O2Hb is more sensitive to cerebral blood flow, but HHb 

may better reflect oxygen supply and demand. Many studies also commonly report 

the tissue oxygenation index (TOI), which is calculated as the proportion of O2Hb 

relative to tHb concentration. Therefore, the TOI provides a relative balance between 

oxygen delivery and utilization (Tisdall et al., 2009). 

Where appropriate, all studies performed a baseline correction of data to 

express concentration change from baseline. Mean values were used by 14 studies to 

perform an ANOVA or non-parametric equivalent (Billaut et al., 2010; Bourdillon et 

al., 2014; Decroix et al., 2016, 2018; Fan et al., 2013, 2018; Liao et al., 2019; 

Nielsen et al., 1999; Pires et al., 2016; Robertson et al., 2016; Santos-Concejero et 

al., 2015; Shannon et al., 2017; Wingfield et al., 2018, 2019). However, other 

analyses were performed, including mixed-effects models (Fan et al., 2018; Hamlin 

et al., 2010), correlations (Bourdillon et al., 2014; Wingfield et al., 2018, 2019) and 

linear regression analysis (Hamlin et al., 2010). This eclectic mix of inferential 

testing perhaps reflects the ongoing debate concerning the best practice for fNIRS 

data analysis. For instance, the inadequate removal of noise can lead to violations of 

assumptions for common statistical tests (Huppert, 2016). Only two studies did not 

report findings for at least O2Hb and HHb (Decroix et al., 2018; Ferguson et al., 

2018). However, these studies, alongside other reviewed work, did report findings 

for TOI (Decroix et al., 2018; Ferguson et al., 2018; Hamlin et al., 2010; Liao et al., 

2019; Robertson et al., 2016; Santos-Concejero et al., 2015). Therefore, the data 

analysis techniques of reviewed studies broadly reflect the predominant use of 
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ANOVA’s to analyse at least O2Hb in exercise-based research using fNIRS (Herold 

et al., 2018).  

Other Considerations  

Exercise task and protocol. A cycling-based exercise task was used by 13 

studies (Bourdillon et al., 2014; Decroix et al., 2016, 2018; Fan et al., 2013, 2018; 

Ferguson et al., 2018; Hamlin et al., 2010; Liao et al., 2019; Pires et al., 2016; 

Robertson et al., 2016; Shaw et al., 2020; Wingfield et al., 2018, 2019). However, 

rowing (Nielsen et al., 1999) and running (Billaut et al., 2010; Santos-Concejero et 

al., 2015; Shannon et al., 2017) tasks were also used. The completion of a set-

distance TT effort was required of participants in 13 studies (Billaut et al., 2010; 

Bourdillon et al., 2014; Fan et al., 2013, 2018; Ferguson et al., 2018; Hamlin et al., 

2010; Liao et al., 2019; Pires et al., 2016; Santos-Concejero et al., 2015; Shannon et 

al., 2017; Shaw et al., 2020; Wingfield et al., 2018, 2019), while four studies 

demanded a set-time effort (i.e., 20-minute TT; Decroix et al., 2016, 2018; Nielsen et 

al., 1999; Robertson et al., 2016). Many studies use stationary cycling exercise for 

fNIRS-based research as it is comparatively easy to maintain a consistent posture 

despite high workloads (Perrey & Besson, 2018), although direct comparison across 

exercise modes is lacking. Nonetheless, direct comparison between supine and 

recumbent cycling revealed little difference in PFC oxygenation as measured by 

fNIRS (Faulkner et al., 2016).  

Concerning protocol design, many of the recommendations are inappropriate 

to apply to the reviewed literature as they relate to neurocognitive domains (e.g., 

weighing the pros and cons of event-related vs. block designs; Chee et al., 2003). In 

exercise-based research, most studies have opted to use a central tendency value 

calculated over distinct time periods (i.e., windows or epochs; Herold et al., 2018). 

This approach was adopted across most reviewed studies, with only two studies 

preferring to simply analyse average values for the entirety of the exercise task 

(Nielsen et al., 1999; Shannon et al., 2017). This may be due to the comparatively 

short nature of the tasks used in these studies, namely a 6-minute rowing effort and a 

3 km treadmill TT. 

Region of interest (ROI). Ten studies opted to place fNIRS optodes over the 

dorsolateral PFC, corresponding to Fp1-F3 and Fp2-F4 regions according to the 
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international EEG 10-20 system (Billaut et al., 2010; Bourdillon et al., 2014; Decroix 

et al., 2016, 2018; Liao et al., 2019; Pires et al., 2016; Robertson et al., 2016; Santos-

Concejero et al., 2015; Wingfield et al., 2018, 2019). Three studies did not reference 

a particular brain ROI but did provide anatomical measurements for determining 

optode placement (Ferguson et al., 2018; Shannon et al., 2017; Shaw et al., 2020), 

while four further studies did not provide such measurements (Fan et al., 2013, 2018; 

Hamlin et al., 2010; Nielsen et al., 1999). It should be noted that research objectives 

may dictate the necessity to highlight a ROI. For the seven studies not using the 10-

20 system, it appears that the assessment of Cox is the dependent variable, with no 

specific hypotheses concerning a ROI stated. However, Cox during exercise appears 

region-dependent. For instance, deception regarding the expected length of exercise 

related to changes in oxygenation between brain areas involved in the central 

executive network and default mode network (Radel et al., 2017). As outlined in 

Chapter 3, this highlights the need for research into the functions of the PFC in 

regulating pacing.  

The dorsolateral PFC, a ROI in several of the reviewed studies, is implicated 

in the ability to represent and maintain the attentional demands of a given task in 

working memory (MacDonald et al., 2000) and regulation of affective state 

(Davidson, 2002). Therefore, the dorsolateral PFC has become a ROI for the 

psychology of endurance performance, given its plausible role in the ability to 

integrate external (e.g., competitor behaviour) and internal (e.g., perceived exertion) 

stimuli to inform pacing (Hyland-Monks et al., 2018), and to control stress responses 

to aid exercise tolerance (Bigliassi & Filho, 2022; Ekkekakis, 2009). Moreover, 

according to the RAH model previously outlined (Dietrich & Audiffren, 2011), 

during high-intensity exercise above the ventilatory threshold, lateral areas of the 

PFC are compromised to preserve more vital brain regions. This leads to a 

compromise of cognitive control and therefore top-down self-regulation of endurance 

performance. As a result, fNIRS-based research has investigated the use of self-

regulatory interventions to mitigate such effects, including the use of imagery 

(Tempest & Parfitt, 2013).  

Findings of Reviewed Studies 

A summary of the reviewed studies is presented in Table 4.3, including key 

sample characteristics, methodology and findings. The reviewed studies provide 
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insight into the cerebral haemodynamic response during self-paced exercise. This 

research will contribute to our understanding of how the PFC and executive function 

help self-regulate endurance performance. Indeed, the PFC is indirectly linked to 

motor control through the premotor area, which may allow the PFC to appraise 

signalling from afferent feedback to, for example, increase exercise tolerance 

(Robertson & Marino, 2016).  

Firstly, Billaut et al. (2010) measured the PFC haemodynamics of trained 

runners during a full-effort 5 km treadmill run. O2Hb and HHb both increased in the 

first 2.5 km before levelling off, with O2Hb decreasing and HHb increasing in the 

final 500 m. According to the authors, these findings demonstrate that some degree 

of homeostatic disturbance (i.e., cerebral deoxygenation) is tolerated to achieve an 

end-spurt (i.e., a reservation of energy to enable a tactical increase in pace in the later 

stages of a race; St. Clair Gibson et al., 2013). In subsequent research, elite Kenyan 

runners completed the same 5 km protocol (Santos-Concejero et al., 2015). 

Contrasting with Billaut et al. (2010), O2Hb remained stable beyond the halfway 

mark to the finish and HHb increased through to completion. This difference is 

possibly attributable to early lifestyle factors (e.g., being born at high altitude) 

leading to cerebrovascular remodelling, which may better enable the preservation of 

Cox during high-intensity aerobic exercise within highly-trained populations. It 

could also relate to the pacing strategies adopted by runners, as no end-spurt was 

observed and therefore larger homeostatic change and reduction in Cox. 

Interestingly, a review of cortical haemodynamics during incremental maximal 

testing found that oxygen values dropped markedly in untrained participants 

compared to aerobically-trained counterparts at very hard intensities (≥ VO2peak; 

Rooks et al., 2010).  

Table 4.3 Overview of Reviewed Studies. 

Study Sample & 

characteristics  

Method & ROI Selected findings 

Billaut et 

al. (2010) 

 

11 well-trained male 

distance runners (training 

volume: 11.1 ± 3.5 h 

week-1).  

5 km treadmill TT 

performance. 

Left PFC (Fp1-F3a) 

O2Hb and HHb in 

first 2.5 km; O2Hb 

and HHb in last 500 

m.  

Bourdillon 

et al. 

(2014)  

13 well-trained male 

cyclists (Wmax: 385 ± 30 

W).  

 

Hypoxia sensitivity test 

followed by normoxia 

vs. hypoxia on 15 km 

cycling TT 

Hypoxia-induced 

HHb correlated with 

drop in PO.  
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performance.  

Left PFC (Fp1a) 

Decroix et 

al. (2016) 

 

12 well-trained male 

cyclists (VO2max: 63.0 ± 

3.5 mL/kg·min−1).  

Cocoa flavanol vs. 

PLA on 30 min cycling 

TT performance.  

Left PFC (Fp1-F3a) 

O2Hb, HHb and tHb 

across TT, but not 

between conditions.  

Decroix et 

al. (2018) 

14 well-trained male 

cyclists (VO2max: 62.9 ± 

5.8 mL/kg·min−1). 

7-day cocoa flavanol 

intake vs. PLA in 

normoxia and hypoxia 

on 20 min cycling TT 

performance. 

Left PFC (Fp1-F3a) 

In hypoxia, large TOI 

in first 5 min then 

stabilized, but no 

differences related to 

cocoa flavanol intake.  

Fan et al. 

(2013) 

10 well-trained male 

cyclists (VO2max: 63.3 ± 

6.6 mL/kg·min−1). 

Normoxia vs. hypoxia 

with and without end-

tidal Pco2 clamping on 

15 km cycling TT 

performance. 

‘Left prefrontal lobe’ 

No significant change 

in O2Hb and HHb using 

Pco2 clamping.  

Fan et al. 

(2018) 

12 well-trained male 

cyclists (Wmax: 381 ± 36 

W). 

 

3-day nitrate intake vs. 

PLA in normoxia and 

hypoxia on 15 km 

cycling TT 

performance. 

‘Left prefrontal lobe’ 

O2Hb and HHb in 

nitrate vs. PLA in 

normoxia, but no effect 

in hypoxia.  

Ferguson 

et al. 

(2018) 

12 well-trained male 

cyclists (Wmax: 396 ± 42 

W). 

 

Neutral (23°C) vs. cold 

(0°C) vs. cold + 

hyperoxia on 15 km 

cycling TT 

performance. 

‘Left forehead’  

TOI in neutral vs. 

cold; cold + hyperoxia 

unchanged from neutral 

after 2.5 km.  

Hamlin et 

al. (2010) 

9 (7 male) well-trained 

endurance athletes 

(VO2peak placebo group: 

65.9 ± 1.6, experimental 

group: 68.4 ± 5.3 

mL/kg·min−1).  

10 days of 90 min 

intermittent hypoxic 

exposure (IHE) vs. 

PLA on 20 km cycling 

TT performance.  

‘Left forehead’  

TOI during final 

stages of TT caused by 

IHE-induced 

hypocapnia. Both tHb 

and TOI correlated 

with change in 

performance.  

Liao et al. 

(2019) 

10 national-level male 

triathletes (VO2max: 59.4 ± 

1.4 mL/kg·min−1). 

Normoxia PLA vs. 

hypoxia PLA vs. 

hypoxia + 

carbohydrate intake on 

40 km cycling TT 

performance with 

sprint intervals.  

Right PFC (Fp2a) 

TOI and tHb 0-10 km 

then stabilized across 

TT, but no amelioration 

of hypoxic effects with 

carbohydrate intake.  

Nielsen et 

al. (1999) 

11 elite male rowers 

(competed at world 

championship level).  

Normoxia vs. 

hyperoxia on ‘all-out’ 

6 min rowing effort.  

‘Forehead just below 

hairline’. 

Greater working 

capacity (i.e., PO) in 

hyperoxia attributable 

to Cox maintenance.  
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Pires et al. 

(2016)  

9 well-trained male 

cyclists (VO2max: 57.5 ± 

6.2 mL/kg·min−1). 

Max graded cycling 

test (GXT) and 4 km 

cycling TT 

performance. 

Left PFC (Fp1a) 

O2Hb greater in GXT 

vs. TT through 20-60% 

completion, but higher 

at finish in TT.  

Robertson 

et al. 

(2016) 

11 well-trained male 

cyclists (VO2max: 4.4 ± 

0.61 L/min−1). 

Exogenous cortisol vs. 

PLA on 30 min cycling 

TT performance with 5 

sprint intervals. 

PFC (Fp1-F3 and Fp2-

F4a).  

Progressive TOI 

during sprints. nTHI 

greater in cortisol vs. 

PLA in sprints 4 and 5.  

Santos-

Concejero 

et al. 

(2015) 

15 elite male Kenyan 

distance runners born at 

high altitude (VO2max: 

71.9 ± 5.1 mL/kg·min−1).  

5 km treadmill TT 

performance.  

Left PFC (Fp1-F3a) 

O2Hb in first 2.5 km 

then stabilized: HHb 

until completion.  

Shannon 

et al. 

(2017) 

10 healthy males (VO2max: 

60.9 ± 10.1 

mL/kg·min−1). 

Nitrate vs. PLA in 

moderate and severe 

hypoxia on 3 km 

treadmill TT 

performance 

simulating hike.  

‘Medial PFC’ 

Superior performance 

and O2Hb, HHb and 

tHb in nitrate vs. 

PLA.  

Shaw et al. 

(2020)  

12 (10 male) well-trained 

cyclists (VO2max: 55 ± 6 

mL/kg·min−1). 

14-day dark chocolate 

intake vs. PLA on 10 

km cycling TT 

performance in 

hypoxia.  

‘Right side…above the 

eyebrow’. 

O2Hb, HHb and tHb 

across TT, but not 

between conditions. 

Wingfield 

et al. 

(2018) 

10 well-trained male 

cyclists (VO2peak: 63.6 ± 

5.7 mL/kg·min−1).  

Performance feedback 

vs. no feedback on 30 

km cycling TT 

performance.  

Right PFC (Fp2-F4a) 

HHb in final 2 km in 

feedback condition. 

PFC activity correlated 

with PO in feedback 

condition.  
Wingfield 

et al. 

(2019) 

 

9 well-trained male 

cyclists (VO2peak: 63.6 ± 

5.7 mL/kg·min−1). 

 

3 30 km cycling TT’s 

with end-point 

deception used in two 

TT’s (24 km and 36 

km in distance).  

Right PFC (Fp2-F4a). 

O2Hb, RPE and PO 

in latter stages of 36 

km TT when deception 

evident.  

 

Note. Selected findings presented prioritize fNIRS and cerebral haemodynamics.  = 

decrease,  = increase, Cox = cerebral oxygenation, nTHI = normalized tissue haemoglobin 

index, PFC = prefrontal cortex, HHb = deoxyhemoglobin, O2Hb = oxyhemoglobin, PLA = 

placebo, PO = power output, RPE = rating of perceived exertion, ROI = region of interest, 

tHb = O2Hb + HHb, TOI = tissue oxygenation index, TT = time-trial. 
aIn reference to the international electroencephalographic (EEG) 10–20 system. 

Beyond the more exploratory work above, research has also explored the 

cerebral haemodynamic response to endurance performance with experimental 

manipulations. For instance, Pires et al. (2016) examined the influence of two 

VO2max-matched exercise modes on PFC oxygenation in trained cyclists. PFC O2Hb 
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was higher between 20-60% completion during an incremental test compared to a 4 

km TT, but O2Hb was higher in the TT at 100% completion. Despite these PFC 

perturbations, activity in the primary motor cortex was maintained throughout the 

duration of both exercise bouts. This suggests that there is a preferential preservation 

of the primary motor cortex during strenuous exercise. Moreover, it supports the 

notion of PFC and motor cortex integration in exercise regulation. However, 

reviewed studies most commonly investigated changes in oxygen availability to 

bodily tissues to simulate altitude change. Nielsen et al. (1999) measured 

haemodynamic response over the forehead of elite rowers completing an all-out 6-

minute rowing effort, with inspired oxygen fraction at .21 (i.e., normoxia) versus .30 

(i.e., hyperoxia). A greater work capacity (i.e., increased power output) and Cox 

were observed in hyperoxia, despite no difference in muscle oxygenation across the 

conditions. The findings suggest that an elevated inspiratory oxygen fraction 

increased exercise performance related to maintained Cox, rather than to any effect 

on the working muscles. In addition, Bourdillon and colleagues found hypoxia-

induced increases in HHb correlated with decreases in power output during a 15 km 

TT among trained cyclists (Bourdillon et al., 2014). Taken together, these findings 

suggest that brain oxygenation may play a limiting role in aerobic exercise capacity. 

If this notion is correct, there is potential for interventions aimed at improving Cox 

during exercise and ultimately as a result, exercise capacity. 

Further research has investigated environmental effects and ergogenic aids on 

exercise performance in normoxia, hypoxia and hyperoxia. Hamlin et al. (2010) 

asked trained endurance athletes to complete 10 days of intermittent hypoxic 

exposure (IHE) training prior to performing a 20 km TT. During the final stages of 

the TT, IHE-induced elevations in muscle O2Hb and reductions in cerebral TOI were 

observed, with no subsequent effect on performance. The reduction in oxygenation 

may relate to cerebral vasoconstriction through reduced CO2 levels (i.e., hypocapnia) 

due to IHE. This is supported by moderate-to-strong relationships observed between 

TOI, tHb and performance. Therefore, the lack of improvement may relate to a 

‘balancing out' of beneficial adaptations to muscle, but not brain. Fan et al. (2013) 

examined the effect of clamping partial pressure of end-tidal CO2 on cerebral 

perfusion and performance during a 15 km TT by trained cyclists in severe hypoxia. 

Clamping normalized PFC oxygen delivery to normoxic values. However, clamping 
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did not result in a performance improvement in hypoxia. Therefore, the authors 

refute the hypothesis that cerebral deoxygenation caused by hypoxia-induced 

hypocapnia reduces exercise performance. Following on, Ferguson et al. (2018) 

assessed the impact of hyperoxia in ameliorating the negative impact of hypothermia 

on 15 km TT performance in trained cyclists. Under conditions of hypothermia, 

hyperoxia restored performance levels to that seen at neutral temperatures. Although 

cerebral TOI was higher at neutral temperatures compared to cold conditions, TOI 

levels were similar between neutral and cold plus hyperoxic conditions after the 2.5 

km point. The findings suggest that the restoration of performance via hyperoxia is 

related to oxygen availability.  

Research has attempted to explore the possibility of ‘boosting’ Cox to aid 

cognition and endurance performance via cocoa flavonoids, which possess nitric 

oxide-induced vasodilatory properties (Socci et al., 2017). Decroix et al. (2016) 

tested the impact of cocoa flavanols on 30-minute TT performance in trained 

cyclists. Although PFC oxygenation increased at baseline in the experimental group, 

this was not reflected in superior Stroop task performance pre-exercise. Cocoa 

flavanol intake did not significantly influence the exercise-induced haemodynamic 

response, which likely overruled any smaller detectable impact of cocoa flavanols on 

Cox during exercise that was observed at rest. Extending this research, Decroix et al. 

(2018) investigated 7-day cocoa flavanol intake on 20-minute TT performance in 

both normoxia and hypoxia among trained cyclists. Although cocoa flavanol intake 

raised PFC oxygenation levels at rest, no differences were observed in TT 

performance or oxygenation levels during exercise. Most recently, Shaw et al. (2020) 

used trained cyclists to assess the impact of 14-day dark chocolate (high in 

flavonoids) intake on 10 km TT performance at simulated altitude. Although some 

metabolic benefits to dark chocolate intake were observed, no benefits to PFC 

oxygenation or performance were found.  

Dietary nitrate has been shown to restore metabolic function and muscular 

endurance performance to normoxic levels at simulated altitude (Vanhatalo et al., 

2011), but the effects on Cox during whole-body, endurance performance remain 

unclear. Fan et al. (2018) tasked trained cyclists with completing a 15 km TT in 

normoxic and hypoxic conditions after three days of dietary nitrate intake. Dietary 

nitrate selectively improved PFC oxygenation during exercise in normoxia, but these 
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effects were not extended to hypoxia. This lack of change in hypoxia may relate to 

compensatory mechanisms to protect the oxygen supply to vital homeostatic control 

centres. A further study investigated nitrate-rich beetroot supplementation on 3 km 

treadmill TT (set at 10% gradient) performance in both moderate and severe hypoxia 

(Shannon et al., 2017). PFC O2Hb, HHb and tHb were lower in the beetroot 

condition, which may reflect differential PFC perfusion related to superior 

performance via beetroot intake. This may also indicate a lower cerebral blood 

volume or oxygen extraction rate. Cerebral deoxygenation is hypothesized to 

compromise executive function and play a limiting factor in exercise tolerance 

(Subudhi et al., 2009).  

Aside from flavonoid- and nitrate-rich interventions, others have tested the 

impact of carbohydrate and exogenous cortisol on exercise performance and PFC 

haemodynamics. In one study, carbohydrate intake failed to ameliorate hypoxia-

induced deleterious effects on 40 km TT performance and PFC haemodynamics 

(Liao et al., 2019). Following on, as exogenous cortisol has been shown to increase 

risk-taking behaviour (Putman et al., 2010), Robertson et al. (2016) wanted to 

explore the impact of exogenous cortisol on trained cyclists’ performance in a 30-

minute TT featuring five 30-second sprint intervals. A greater reduction in 

normalized tissue haemoglobin index (nTHI; O2Hb + HHb expressed as change from 

baseline in a.u.) was observed in the latter sprint intervals in the cortisol condition, 

indicating greater PFC desaturation and blood volume. However, no differences in 

TT performance were found across conditions.  

The nascency of the intervention-based research presented above offers an 

opportunity to learn from and build on this work moving forward. Firstly, it is 

suggested that testing at a more ecologically valid genuine high altitude or in 

hypobaric hypoxia may elicit different physiological responses than normobaric 

hypoxia (Shannon et al., 2017; Shaw et al., 2020). However, both normobaric 

hypoxia and hypobaric hypoxia have been observed to induce broadly similar 

responses to terrestrial altitude, and therefore may be considered acceptable 

surrogates (Woods et al., 2017). Following on, it is also important to consider gender 

differences in response to interventions. For instance, Fan et al. (2018) refer to 

unpublished data showing an enhanced cerebrovascular response to nitrate intake in 

male, but not female participants. Likewise, one should consider fitness status. A 
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meta-analysis found a small ergogenic effect of nitrate intake on exercise 

performance in non-athletes, but this was not extended to athlete populations 

(Campos et al., 2018). Lastly, although the scope of this review is limited to the PFC, 

it is feasible that interventions elicit more global changes in the brain during 

exercise. For instance, flavonoids have been observed to increase cerebral blood flow 

in several areas of the brain, including the anterior cingulate cortex (Lamport et al., 

2015). Interestingly, functional adaptations to the anterior cingulate cortex through 

aerobic training are theorized to be a possible mechanism for enhanced resistance to 

mental fatigue effects on exercise performance (Martin et al., 2016).  

There is a rich history of work that highlights how feedback deception or 

removal can influence subjective experience (e.g., perceived exertion), exercise 

economy and endurance performance (Jones et al., 2013). Wingfield et al. (2018) 

examined the influence of performance and distance feedback blinding on 30 km TT 

performance by trained cyclists. When feedback was provided, power output was 

higher in the final 2 km of the TT and was strongly correlated with HHb. These 

findings suggest some neural influence of the PFC over pacing by top-down 

regulation of physiological reserve in anticipation of an end-spurt. Complementing 

this research, Wingfield et al. (2019) investigated the performance of trained cyclists 

across three ‘30 km’ TT’s. However, feedback was withheld from participants and 

two trials were 24 km and 36 km in length. Rating of perceived exertion was 

significantly higher in the latter half of the 36 km versus 24 km TT. Although not 

significant, O2Hb was higher at 70% completion in the 36 km versus 24 km TT. The 

results point to the PFC increasing perceived exertion to reduce the risk of 

catastrophic failure by driving down perceived exertion once end-point deception 

was detected. Therefore, while performers may have a pre-planned pacing strategy in 

mind, subconscious processes may also help govern physiological resources to avoid 

premature fatigue (Micklewright, Kegerreis et al., 2017). This work inspired the 

research conducted in Chapter 5 that investigates the sequential removal of course 

knowledge and performance feedback on TT performance, cerebral haemodynamics, 

and perceptual experience.  

Conclusion 

Promisingly, the small but growing body of literature reviewed here largely 

adopted some, but not all of the best practice guidelines for fNIRS use more widely 
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and for exercise-based research specifically. However, there were several important 

guidelines that not all studies adopted, or at least had omitted from reporting in their 

method sections. As advances in sport performance are predicated on ‘marginal 

gains’, methodological rigor when using fNIRS technology is important to ensure 

sensitivity to detect meaningful changes in cortical activity. Following on, the body 

of literature presented here suggests that some degree of homeostatic disturbance 

(i.e., cerebral deoxygenation) is tolerated under high workload, but cerebral oxygen 

availability is a limiting factor on aerobic exercise performance. Furthermore, the 

PFC would appear to play a key role in integrating performance feedback to govern 

the self-regulation of endurance performance, and this is subject to further 

investigation in Chapter 5. Although no benefits were observed for flavonoids, 

nitrate-rich interventions showed some benefits to exercise performance and PFC 

perfusion. However, future work that addresses the limitations of the research 

presented here may provide a more conclusive picture. Finally, studies reviewed 

predominantly used trained and elite-level male athletes, with only four participants 

having been female. Therefore, more research is needed to ascertain the effects of 

both fitness status and sex on cerebral perfusion during self-paced exercise.  
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Chapter 5 The Influence of Task Knowledge and Feedback on Cycling 

Performance: Insights from Prefrontal Cortex Haemodynamic Measurement 

and Executive Function Testing. 
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Abstract 

In recent years, both propositional and experimental research has explored the 

self-regulation of endurance performance. The internal and external sources of 

information used to self-regulate performance, and the cognitive processes that 

underlie these efforts are of particular interest. For the first time, this study sought to 

examine the use of performance feedback and course knowledge on cycling time-

trial performance over a race-like simulation with undulating terrain, using cognitive 

testing and functional near-infrared spectroscopy (fNIRS). This helped to provide 

insight into the psychological mechanisms that may contribute to pacing behaviour. 

Descriptive findings are reported and discussed in a case study format, with the hope 

that this ‘proof of concept’ can be expanded in future research.  
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Introduction 

Observers and participants alike can appreciate the vast and challenging 

terrain that grand tour cycling presents. In the 2022 Tour de France, the riders 

covered 3,328 km across 3 weeks (with two rest days), having climbed mountain 

passes over 1500 m high in the unforgiving Pyrenean and Alpine ranges (Dabbs & 

Thewlis, 2022). Such feats are not reserved for the elite athletes, with the amateur 

equivalent, L’Etape, requiring keen cyclists to cover 167 km and 4700 m of positive 

altitude change across three climbs in one day in the 2022 edition of the race 

(L’Etape du Tour de France, n.d.). Therefore, for athletes to complete such a 

challenge, effective distribution of workload and energy expenditure across the 

demands of the task (i.e., pacing) is crucial (Abbiss & Laursen, 2008). Notably, 

current theories are preceding to converge on the idea of conscious or subconscious 

governance of endurance performance. The integrative governor model (St. Clair 

Gibson et al., 2018) proposes that a ‘governor’ (not a specified brain area per se), 

through the weighting of competing psychological and physiological drives, 

subconsciously modulates motor unit recruitment to ensure that endurance 

performers can effectively pace workload while avoiding catastrophic failure of 

homeostasis. For this governor to operate efficiently, duration and end-point 

knowledge of exercise (e.g., distance to the race finish line) is central.  

As highlighted in Chapters 1 and 3, research has provided a cognitive 

perspective on the importance of self-regulation to endurance performance. Briefly, 

Brick, MacIntyre, and Campbell (2016) proposed the cognitive control of exercise 

through both proactive (i.e., goal-directed) and reactive (i.e., automatic) control 

mechanisms. Empirical support for this notion is provided by research showing that 

only reactive control mechanisms are engaged during externally controlled exercise, 

as evidenced in the measurement of thought processes (Brick, Campbell et al., 2016) 

and brain activity patterns (Chacko et al., 2020). In turn, proactive mechanisms (e.g., 

self-regulatory control efforts) were engaged when faced with an unexpected change 

in task difficulty, requiring an alteration in pacing strategy (Brick et al., 2019). 

Moreover, research has pointed to an athlete’s self-regulatory skills, underpinned by 

top-down executive functions that are associated with goal-directed behaviour (e.g., 

selective attention, inhibition and working memory), explaining differences in their 

endurance performance. Indeed, superior ultra-marathon runners (determined by 
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finish time) displayed better inhibitory control, not only over motor responses but 

also over interfering and distracting information (Cona et al., 2015). Moreover, more 

experienced cyclists were better able to mitigate the effects of mental fatigue 

(induced by executive function testing) on subsequent cycling time-trial (TT) 

performance (Martin et al., 2016). This is perhaps also manifest in the greater use of 

self-regulatory efforts by more experienced cyclists versus their untrained 

counterparts during TT performance (Massey et al., 2020; Whitehead et al., 2018). 

This was in part corroborated by the greater use of power output (PO) feedback to 

self-regulate effort by trained persons observed in Chapter 2.  

As highlighted above, integrating external and internal information to gauge 

effort and pace endurance activities is crucial to performance. The monitoring of PO 

and heart rate in professional bike racing to estimate exertion levels is testament to 

this (Hettinga et al., 2012). Likewise, the importance of reconnaissance missions to 

breed familiarity with course profiles before races. Previous research has observed 

both deleterious (Micklewright et al., 2010) and null effects (Borg et al., 2020; Smits 

et al., 2016) of feedback blinding on cycling performance. However, as detailed in 

the discussion, methodological differences may account for the unequivocal findings. 

Further research has sought to explore the impact of feedback blinding at the level of 

the brain. This has typically been achieved through measuring cerebral 

haemodynamics via functional near-infrared spectroscopy (fNIRS) as outlined in the 

method section. As detailed in Chapter 4, blinding to performance feedback (i.e., PO, 

heart rate and end-point knowledge) was observed to hinder cycling TT performance 

for the same perceived exertion (Wingfield et al., 2018). Interestingly, when such 

information was presented, PO was strongly associated with neural activity in the 

prefrontal cortex (PFC), implicated in executive control of exercise (Robertson & 

Marino, 2016). Moreover, experimental work has demonstrated how deception 

concerning exercise duration resulted in dynamic shifts in central executive (i.e., 

attentional control) and default mode networks (i.e., mind-wandering states) of the 

brain (Radel et al., 2017). In short, the central executive network was more active 

when participants believed the duration of exercise would be shorter (i.e., 10 

minutes), with the default mode network more active when participants believed the 

duration of exercise would be longer (i.e., 60 minutes). In reality, exercise was 

terminated after 10 minutes in both instances. This research aligns with the notion of 
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self-regulatory mechanisms (Brick, MacIntyre, & Campbell, 2016) being 

differentially engaged dependent on task demands (Brick, Campbell, et al., 2016; 

Brick et al., 2019; Chacko et al., 2020).  

However, despite the undulating terrain featured in endurance events such as 

the Tour de France, research has yet to investigate the impact of course profile 

information and performance feedback on endurance performance and pacing, 

alongside PFC activity and executive function. One would suspect greater difficulty 

in gauging effort over undulating terrain compared to a flat course profile, which 

may require a greater engagement of executive functions to regulate goal-directed 

effort (e.g., maintaining a set intensity on more challenging uphill sections). In 

addition, task difficulty would likely increase if course profile or performance 

feedback were not available. Therefore, an investigation is warranted to shed light on 

the importance of performance feedback and knowledge of task demands (e.g., 

terrain) on the self-regulatory processes governing endurance performance in more 

ecologically valid settings. This study aims to achieve this through the assessment of 

cycling TT performance, psychophysiology, PFC activity via fNIRS, and prefrontal-

dependent cognitive testing.  

Method 

Participant 

A male triathlete who was familiar with pacing and self-regulating effort to 

performance feedback (e.g., PO and speed) and course profile information (e.g., 

elevation gain) was recruited to take part in the case study. The participant met De 

Pauw et al.'s (2013) criteria for ‘level 3’ indicators of ‘cycling status’: 1) Train at 

least 3 times a week, for a total of at least 5 hours, and cover at least 60 km; and 2) 

Has competitive experience in cycling. Demographic and physical activity 

characteristics are presented in Table 5.1. Following the Edge Hill University 

laboratory health and safety guidance, the participant was subjected to health 

screening and provided written informed consent. The participant was debriefed 

following their last visit and provided with the opportunity to ask any questions. 

Ethical approval was granted by the university research ethics committee. 
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Table 5.1 Participant Characteristics. 

Characteristics  

Age (years) 39 

Body weight (kg) 72.1 

Height (cm) 172.0 

Body Mass Index (kg/m2) 24.0 

Body fat percentage (%) 16.4 

Weekly physical activity (hours) 6.0 

Design  

A case study design was adopted due to difficulties in completing a full-scale 

experiment (see Author Notes and Chapter 1). While inferential analysis is not 

possible with case study designs, they can be useful to adopt when embarking on 

new research areas to provide a proof of concept for future work to build on (Barker 

et al., 2013). In the context of this study, fNIRS is a relatively new technology within 

sport and exercise psychology, and as highlighted in Chapter 4, best-practice 

standards have not always been followed. Therefore, as an initial phase in addressing 

the research aims, there is utility in conducting a case study.  

Materials and Measures 

Cycling time-trial. To measure TT performance, the Racermate software and 

electromagnetically-braked Velotron cycle ergometer (Racermate: Seattle, USA) was 

used to simulate a laboratory-based cycling TT. The software and bike allowed for 

the completion of a simulated TT course, including an avatar representing participant 

distance covered (km), speed (km.hr−1), PO in watts (W), and cadence (r.min−1). The 

course completed by the participant was 10 km in distance, with 3 hill ascents of 1 

km starting at 3 km, 5 km, and 7 km, with gradients of 4%, 5%, and 6%, 

respectively. Each ascent was immediately followed by a descent of equal length and 

gradient. The course was otherwise completely flat (between 0-3 km and 9-10 km). 

See Figure 5.1 for a diagram of the course profile. Racermate software achieves the 

simulation of undulating terrain through changes in the resistance of the Velotron 

cycle ergometer fly-wheel. The Velotron ergometer was positioned centrally 1.5 m 

apart from a 100 cm (height) x 180 cm (width) screen projection of the virtual 

environment. The Racermate software and Velotron ergometer have been used to 
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effectively simulate TT’s in previous research (Whitehead et al., 2018) and 

demonstrate sound test re-test reliability (Sparks et al., 2016). To monitor heart rate, 

the participant wore a Garmin Forerunner 15 watch and heart rate strap (Garmin: 

Kansas, USA). 

fNIRS. Measurement of haemodynamics in the PFC was performed via 

fNIRS (Oxymon mk III, Artinis: Zetten, Netherlands). fNIRS methodology followed 

the guidelines presented in Chapter 4. Optode pairs (source-detector separation: 2.5 

cm) were placed over the left and right prefrontal lobe at F3, F4, F5 and F6 

(according to the international 10–20 electroencephalogram system; Table 5.2), 

corresponding to the left and right inferior and superior dorsolateral PFC (Figure 

5.2). A dark elastic headband was placed over the optodes to secure them in place 

and block extraneous light. The differential path-length factor was adjusted 

according to the subject’s age (Duncan et al., 1996). The modified Beer-Lambert law 

was applied by the equipment software to calculate relative change in the 

concentrations of oxygenated haemoglobin (O2Hb), deoxygenated haemoglobin 

(HHb) and total haemoglobin (tHb; O2hb + HHb) concentrations measured in µmol 

of haemoglobin. To calculate baseline measures, the participant remained seated on 

the cycle ergometer without speaking or moving and with eyes open for 1 minute 

before completing exercise. Measurements were normalized to reflect the magnitude 

of change from baseline. The data was collected with a sampling frequency of 10 Hz.  

Table 5.2 Optode Placements for fNIRS Measurement. 

Region of interest  10-20 system Brodmann Area 

Left inferior dlPFC F5 46 

Left superior dlPFC F3 8 

Note. Percentages relate to the gradient of simulated hills. FT = flanker task, NASA-TLX = 

The NASA Task Load Index, ROF = Rating of Fatigue, RPE = Rating of Perceived Exertion. 

 

Figure 5.1 Time-Trial Course Profile. 
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Right inferior dlPFC F6 46 

Right superior dlPFC F4 8 

Note. 10-20 system = International 10–20 electroencephalogram system; dlPFC = 

dorsolateral PFC 

Several studies assessing exercise effects on PFC activity have focused on the 

dorsolateral PFC (e.g., Radel et al., 2017; Sudo et al., 2017; Tempest et al., 2017; 

Tempest & Parfitt, 2013, 2016). As detailed in Chapter 3, the dorsolateral PFC is of 

interest here and in this field of research due to its purported involvement in the 

central executive network and therefore attentional control (Radel et al., 2017). 

Moreover, the right dorsolateral PFC has been associated with exercise tolerance 

through affective control of stress response to exercise (Bigliassi & Filho, 2022). In 

addition, according to the dual-model theory, lateral areas of the PFC are 

compromised during exercise to preserve other brain regions when exercising above 

the ventilatory threshold, whereby interoceptive cues dominate, compromising 

cognitive control and therefore top-down self-regulation of endurance performance 

(Tempest et al., 2014).  

Flanker task. To measure executive function and response inhibition, an 

Eriksen Flanker Task was devised in E-Prime (Psychology Software Tools: 

Sharpsburg, USA). The flanker task is detailed in Chapter 2. However, the version 

used in the present experiment was modified to include ‘switch’ trials. In the 

Note. This Photo by Brylie Christopher Oxley is 

licensed under CC0 1.0.  

Figure 5.2 International 10-20 System. 

https://commons.wikimedia.org/wiki/File:International_10-20_system_for_EEG-MCN.svg
https://creativecommons.org/publicdomain/zero/1.0/deed.en
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standard flanker task, participants are instructed to indicate which direction the 

centre arrow is facing as quickly and accurately as possible. However, in switch 

trials, when the centre arrow is presented in red ink, participants are instructed to 

‘switch’ their response (i.e., pressing ‘D’, originally indicating left in the standard 

flanker task, when the centre arrow is facing right, e.g., → →→→→). Switch rule 

changes have been shown to have deleterious effects on task performance 

(Umebayashi & Okita, 2010), presumably through interference resulting from a 

residual carryover effect of stimulus-response retrieval for prior task rules in the 

working memory (Rubinstein et al., 2001). The test featured 120 trials in total, with 

50% of trials featuring ‘standard’ congruent and incongruent stimuli, 40% featuring 

‘switch’ congruent and incongruent stimuli, and 10% featuring neutral trials. Before 

stimuli are presented, a blank screen is shown for 1000 ms, followed by a priming 

fixation point for a further 1000 ms. Stimuli are then presented for 300 ms regardless 

of response time. Twenty practice trials are completed before the test commences. 

Response accuracy (%) and reaction time (RT) for correct responses (ms) are the key 

measures. The test is typically completed in ~5 minutes. A trial sequence for a switch 

congruent trial is presented in Figure 5.3.  

Figure 5.3 A Flanker Task Trial Sequence for a Congruent Switch Trial. 
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Self-report measures. To measure fatigue, the Rating of Fatigue Scale 

(Micklewright, St. Clair Gibson et al., 2017) was completed by the participant pre- 

and post-task. To measure in-task rating of perceived exertion (RPE) and affective 

state, the 15-point Borg Scale (Borg, 1982) and the Feelings Scale (Hardy & Rejeski, 

1989) were completed by the participant. To measure perceived physical and mental 

demand of participation, the NASA Task Load Index (Hart & Staveland, 1988) was 

completed by the participant post-task. Please see the references provided for 

validation of the above scales.  

Protocol 

For each visit, the participant was instructed to wear light athletic clothing 

and abstain from alcohol and vigorous exercise 24 hours prior to participation. In the 

initial visit, all pre-task measures were completed by the participant. The TT’s were 

completed in the same location at the same time of day (± 1 hour). Ahead of a 

baseline TT (TTBL), the participant was provided with a detailed course profile 

(Figure 1) and performance feedback (i.e., distance covered, speed, watts, cadence, 

and gearing) via a screen projection during the TT. The participant was instructed to 

complete the TT as fast as they possibly could. A 5-minute warm-up and cool-down 

at 50% of the participant’s heart rate reserve were completed before and after each 

TT to prevent injury and aid recovery. The participant completed the flanker task 

immediately before and after the TT. Self-report measures were taken from the 

participant as presented in Figure 1. Therefore, perceived exertion and affect were 

recorded at 2 km intervals and perceived fatigue was recorded before and after TT 

completion. The NASA Task Load Index was completed after each trial. 

The participant then completed the same TT on three further occasions, 

between two days and a week apart. In the second TT (TTFull), the participant 

completed the TT under the same conditions as their initial visit, but this time fNIRS 

measurement was included. The third TT (TTNoPro) was completed under the same 

conditions as TTFull, except that the participant could not view the course profile 

beforehand and was not provided with distance feedback during the TT (and 

therefore lacked end-point knowledge). The fourth TT (TTNoFB) was completed 

under the same conditions as TTNoPro, but with the additional removal of PO and 

speed feedback during the TT.  
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Data Analysis 

Mean PO and overall completion time are presented as an indication of 

performance across the trials. Relative PO (rPO) was calculated for the final 250 m 

and periods of hill climbing (ascension phase only) and compared across the trials. 

Relative PO was calculated for the intervals mentioned as follows, X rPO = (X mPO - 

TT mPO)/TT mPO), where ‘X’ is an interval of interest.  

In line with data analysis recommendations detailed in Chapter 4, baseline 

corrected mean values for O2Hb, HHb and tHb were calculated for each region of 

interest, for each 2 km interval and compared across each TT. Moreover, as 

mentioned in Chapter 3, PFC asymmetry is another line of enquiry to consider. The 

laterality index (LI) is considered one way to assess such asymmetries by comparing 

brain activation patterns across hemispheres and can be calculated as follows, LI = 

(R-L)/(R+L), where ‘L’ and ‘R’ refer to a ROI in the left and right corresponding 

hemispheres (Borrell et al., 2022). Values range from -1 to 1, with a positive value (0 

to 1) indicating right lateralization, and a negative value (-1 to 0) indicating left 

lateralization. Bilaterality is assumed for values between +0.2 and -0.2. To remove 

divisional error as a result of positive and negative values, negative values will be 

changed to zero with appropriate limitations considered (Borrell et al., 2022). 

Therefore, to assess lateralisation of the dorsolateral PFC during TT performance, the 

LI for O2Hb for each ROI will be calculated for all intervals across all trials.  

Mean flanker task response accuracy (%) and RT for correct responses (ms) 

were calculated for each trial, pre- and post-exercise, for normal and switch trials, 

and for each stimulus presented. Mean scores on self-report measurements were 

compared at the intervals stipulated in the protocol across each TT. For the NASA 

Task Load Index, mean scores for respective items were compared across TT’s.  

Results  

Given that the data presented is derived from a single case study, it is the 

interpretation of the researcher that any analysis on these grounds would be 

erroneous by way of conjecture. Therefore, the results presented are primarily for 

descriptive and exploratory purposes.  
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Time-Trial Performance and Self-Report Measures  

Overall indices of TT performance and pacing are presented in Table 5.3. It is 

evident that performance, as indicated by TT completion time and PO, was superior 

in TTFull relative to TTNoPro and TTNoFB, and in TTNoPro compared to 

TTNoFB. Moreover, end-spurt performance, as measured in rPO, was more 

pronounced in TTFull compared to TTNoPro and TTNoFB. rPO during the 

ascension phases of the TT hills is presented in Figure 5.4. rPO was highest across all 

TT’s when climbing the first hill. However, pacing was most conservative in 

TTNoFB, with less deviation from mean PO compared to TTFull and TTNoPro 

when climbing all 3 hills.  

Table 5.3 Mean Time-Trial Performance Data. 

Time-trial Finish time 

(secs) 

PO (W) Final 250 m PO 

(W) 

Final 250 m 

rPO (% 

change)a 

TTFull 1259.61 205.69 284.18 38.16 

TTNoPro 1287.09 194.03 204.31 5.30 

TTNoFB 1303.43 192.13 213.00 10.86 

Note. PO = power output, rPO = relative power output, TTFull = full feedback, TTNoFB = 

no feedback, TTNoPro = no course or distance feedback.  

aCalculated as relative change from mean TT PO. 

Note. Calculated as change in % from Mean TT PO. rPO = relative power 

output, TTFull = full feedback, TTNoFB = no feedback, TTNoPro = no 

course or distance feedback. 

Figure 5.4 Mean Relative Power Output for Hill Climbs by Time-Trial. 



Psychology of Endurance Performance | Robert Hyland-Monks 

 

106 

 

Perceptual measures are presented in Figure 5.5. As expected, affective state 

and RPE followed a broadly inverse trend. As RPE increased across the TT’s, 

affective state became progressively more negative. NASA Task Load Index 

composite scores were higher for the experimental trials relative to full feedback 

conditions. As expected, Rating of Fatigue scores were considerably higher post-TT 

compared to pre-TT. 

Prefrontal Haemodynamics and Executive Function  

Baseline normalised O2Hb, HHb and tHb values by region of interest and TT 

are presented in Figures 5.6, 5.7 and 5.8. Some trends are observable across the TT’s 

and regions of interest. The most notable increase in O2Hb occurs from 2-6 km, 

which coincides with the first hill climb. From 6 km to the finish, there is a plateau of 

O2Hb. A broadly similar trend is seen for regional blood volume (tHb). O2Hb, HHb 

and tHb values were observably greater in TTNoFB versus TTFull in all four regions 

of interest. tHb values in TTNoFB versus TTNoPro were higher in 3 out of 4 regions 

of interest, however the picture was more inconsistent and less conclusive for both 

O2Hb and HHb. Laterality index calculations are presented in Table 5.4, with 

bilateral dominance evident for the majority of TT splits across all three trials.  

Note. Top left = affect, top right = Rating of Perceived Exertion, bottom left = 

The NASA Task Load Index, bottom right = Rating of Fatigue, TTFull = full 

feedback, TTNoFB = no feedback, TTNoPro = no course or distance feedback. 

Figure 5.5 Mean Perceptual Measures by Time-Trial. 
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Note. Top left = right superior dorsolateral PFC (dlPFC), top right = right inferior 

dlPFC, bottom left = left superior dlPFC, bottom right = left inferior dlPFC. O2Hb 

= oxyhaemoglobin, TTFull = full feedback, TTNoFB = no feedback, TTNoPro = 

no course or distance feedback. 

 

Note. Top left = right superior dorsolateral PFC (dlPFC), top right = right inferior 

dlPFC, bottom left = left superior dlPFC, bottom right = left inferior dlPFC. HHb 

= deoxyhaemoglobin, TTFull = full feedback, TTNoFB = no feedback, TTNoPro 

= no course or distance feedback. 

 Figure 5.6 Mean HHb Values by Region of Interest and Time-Trial. 

Figure 5.7 Mean O2Hb Values by Region of Interest and Time-Trial. 
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Table 5.4 Mean O2Hb Values and Hemispheric Dominance Across Each Time-Trial.  

Time-trial Split  

Superior dlPFC Inferior dlPFC  

Right Left LI Right Left LI 

TTFull 0-2 km  -0.47 

 

1.56 

 

L -5.80 -4.89 B 

2-4 km  3.79 5.34 B -1.03 -1.28 B 

4-6 km 9.56 12.43 B 5.50 6.44 B 

6-8 km  11.93 16.44 B 6.81 10.64 L 

8-10 km  13.62 18.78 B 6.74 12.02 L 

TTNoPro 0-2 km  -1.68 

 

0.10 

 

L 3.83 -0.60 R 

2-4 km  2.68 4.87 L 6.83 3.33 R 

4-6 km 7.75 10.09 B 9.96 9.85 B 

6-8 km  9.08 12.73 B 10.93 13.09 B 

8-10 km  9.37 13.27 B 10.42 14.48 B 

TTNoFB 0-2 km  1.52 

 

1.87 

 

B -0.44 -0.23 B 

2-4 km  7.77 11.01 B 5.38 6.94 B 

Note. Top left = right superior dorsolateral PFC (dlPFC), top right = right inferior 

dlPFC, bottom left = left superior dlPFC, bottom right = left inferior dlPFC. tHb = 

HbO2 + HHb, TTFull = full feedback, TTNoFB = no feedback, TTNoPro = no 

course or distance feedback. 

 Figure 5.8 Mean tHb Values by Region of Interest and Time-Trial. 



Psychology of Endurance Performance | Robert Hyland-Monks 

 

109 

 

4-6 km 13.13 16.84 B 9.46 11.52 B 

6-8 km  15.94 19.76 B 12.48 12.61 B 

8-10 km  18.31 20.05 B 14.41 13.03 B 

Note. Negative values were changed to zero to calculate the laterality index. Hemispheric 

dominance was calculated as follows: between +0.2 and -0.2 indicates bilateral dominance, 

+1 indicates complete left-sided dominance, and -1 indicates complete right-sided 

dominance. dlPFC = dorsolateral PFC, LI = laterality index, TTFull = full feedback, 

TTNoFB = no feedback, TTNoPro = no course or distance feedback. 

The difference in flanker task RT for correct responses and accuracy from 

pre- to post-exercise by TT and stimuli is presented in Table 5.4. The most consistent 

observable trend relates to an improvement in RT post-exercise. However, there is no 

discernible difference in this trend across stimuli or TT’s for both RT and accuracy. 

Table 5.5 Change in Flanker Task Accuracy and Reaction Time Pre-Post Exercise. 

Measure Time-trial Normal trials Switch trials 

Cong Incong Neutral Cong Incong Neutral 

Acc (%) TTFull -13.00 -13.00 10.00 -5.00 -10.00 NC 

TTNoPro -4.00 -3.00 10.00 5.00 5.00 NC 

TTNoFB -3.00 NC NC -5.00 NC NC 

RT (ms) TTFull -36.41 -17.24 21.81 -29.73 39.62 -30.45 

TTNoPro -57.77 -53.72 -4.04 -102.39 -71.86 -129.80 

TTNoFB -36.95 -32.50 -55.80 -58.68 -78.20 3.00 

Note. Data is presented as change pre- to post-exercise. Acc = accuracy, Cong = congruent, 

Incong = incongruent, NC = no change, RT = reaction time, TT = time-trial, TTFull = full 

feedback, TTNoFB = no feedback, TTNoPro = no course or distance feedback.  

Discussion  

Time-Trial Performance and Self-Report Measures 

This study aimed to assess the impact of course knowledge and feedback 

provision on cycling TT performance, PFC haemodynamics and cognition. Firstly, 

concerning performance, the TT was completed in a slower time when distance 

feedback and course knowledge was not presented (TTNoPro). Indeed, end-point 

knowledge appears to be central to the distribution of effort during self-paced 
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endurance performance (St. Clair Gibson et al., 2018). Interestingly, as demonstrated 

in Chapter 2 and corroborated by similar work (Whitehead et al., 2017), thoughts 

concerning the remaining or covered distance increases as the endpoint nears, 

suggesting that this feedback becomes increasingly salient as an aid to pacing as the 

finish line approaches.  

In addition, performance worsened further with the additional removal of PO 

and speed feedback (TTNoFB). In respect to pacing, a key factor in performance 

across the TT’s relates to how effectively one can distribute their effort when 

tackling the hills featured. Interestingly, pacing was most conservative in TTNoFB 

when PO feedback was not available. This is best characterized by a significantly 

lower rPO on hill 1 in TTNoFB compared to TTFull and TTNoPro. Concerning the 

feedback provided, PO is the most comparable and useful measure of workload 

intensity regardless of the terrain. This is demonstrated by research observing that 

intraindividual differences in PO characteristics largely determined fast versus slow 

1500 m cycling performances, with athletes able to adapt their pacing (i.e., the 

relative contribution of aerobic and anaerobic systems) depending on their 

physiological status (Hettinga et al., 2012). The ability to attune performance via PO 

feedback may be developed through experience, as indicated in Chapter 2 and by 

similar work (Massey et al., 2020), more experienced cyclists verbalised more PO-

related thoughts than their counterparts. Therefore, it is understandable that the 

removal of this feedback would lead to a suboptimal performance by means of an 

overly conservative pacing strategy. Moreover, it may explain why performance was 

worse with the additional removal of PO (and speed) feedback in TTNoFB.  

Following on, despite a worse performance when feedback was not 

presented, RPE and affect scores were similar or observably worse compared to 

when full feedback was provided. Moreover, the experimental trials were perceived 

as more taxing than in TTFull, as indicated by NASA Task Load Index scores. This 

in part suggests a reduction in economy alongside performance level in these 

experimental trials. Interestingly, similar or higher RPE and task load for similar or 

worse performance has been observed during endurance performance under 

conditions of high versus low mental fatigue, which is characteristically induced by 

performing taxing, prefrontal-dependent testing (Van Cutsem et al., 2017).  
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Research has presented inconsistent findings regarding cycling performance 

and pacing as a function of feedback availability. For instance, 20 km cycling TT 

performance was worse when participants were blinded to feedback in one study 

(Micklewright et al., 2010), but not in more recent research (Borg et al., 2020). One 

key difference between the two studies was the provision of end-point knowledge in 

the no-feedback condition in Borg et al. (2020), which was unavailable to 

participants in the Micklewright et al. (2010) study. However, another study 

observed no difference in 20 km TT performance despite blinding to end-point 

knowledge in the no-feedback condition (Smits et al., 2016). The authors here claim 

that prior experience allowed the cyclists to negate the lack of feedback and rely on 

interoceptive cues to pace the TT. The samples recruited across these studies appear 

homogeneous in using trained cyclists, so fitness status or experience is unlikely to 

account for the findings observed. Nonetheless, the present study is the first to test 

and observe a progressive reduction in performance as performance feedback and 

task knowledge are sequentially removed. Moreover, adding to the literature, it is the 

first investigation to observe this effect in TT performance over more challenging 

and varying terrain. Future work could seek avenues to improve the reflectiveness of 

real-world race scenarios, such as virtual reality (Neumann et al., 2018), and 

investigate the respective influences of key sources of feedback on endurance 

performance. This research could have applied value in tailoring the content of 

coaching, for instance, in attuning athlete’s decision-making to considering both 

workload (e.g., PO) and perceptual feedback (e.g., perceived exertion) in line with 

end-point knowledge. Indeed, inferring from their findings, Smits et al. (2016) 

recommended that athletes of all abilities pay greater attention to self-monitoring to 

develop experience-based awareness of effort in line with exercise duration, 

ultimately optimizing pacing as appropriate to exercise demands.  

Prefrontal Haemodynamics and Executive Function  

Concerning PFC activity, extrapolation of the trends observed to similar 

research and contemporary theory would be speculative. Moreover, using a single 

case study, it is not possible to make meaningful inferences regarding the impact of 

the independent variables (i.e., feedback provision) on PFC activity. However, 

general comparisons of findings to existing research holds some value for discussion. 

Most notably, as outlined in greater detail in Chapter 3, a meta-analysis has 
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examined PFC activity as a function of exercise intensity (% of VO2peak), observing a 

significant increase in O2Hb from low to moderate-intensity, a plateau at moderate-

to-hard intensities, before a decline at maximum, exhaustive intensities (Rooks et al., 

2010). More relevant to this study, a recent review (De Wachter et al., 2021) has 

highlighted two studies that have investigated PFC haemodynamics during full effort 

self-paced endurance performance (Billaut et al., 2010; Santos-Concejero et al., 

2015). In both studies, O2Hb increased in the first half of the TT, before plateauing in 

the second half. O2Hb increased and HHb decreased in the final 500 m during Billaut 

et al.’s study, suggesting near-exhaustion as a result of an end-spurt. A further study 

by Pires et al. (2016) observed an increase in PFC O2Hb, HHb and tHb until 70% 

completion of a 4 km cycling TT. In line with the observations presented above, 

O2Hb increased through to the 6 km mark. The plateau beyond 6 km suggests that a 

moderate-to-hard intensity was sustained through to the finish of the TT. No decline 

in O2Hb during the final stages points to a self-regulation of effort to defend against 

homeostatic disturbance, therefore preserving cerebral oxygenation levels. This is 

most evident in the experimental trials where a significantly smaller end-spurt is 

observed compared to TTFull.  

Although comparison to the review findings presented above is possible, the 

reviews predominately focused on research using ramped exercise protocols with no 

requirement for self-pacing, and therefore lack this key element of real-life racing 

scenarios. Two studies, detailed in Chapter 4, have investigated feedback provision 

on PFC activity using self-paced cycling TT protocols (Wingfield et al., 2018, 2019). 

In one study (Wingfield et al., 2019) using end-point deception, RPE was greater and 

O2Hb values higher once deception was evident and participants were required to 

exercise longer than anticipated. The authors suggest that the PFC may regulate RPE 

to reduce the risk of catastrophic failure by driving down effort. In the present study, 

the higher tHb values in the final TT, and therefore greater regional blood volume to 

the PFC, could indicate greater engagement of executive functions to help self-

regulate performance in the absence of performance feedback. The PFC is indirectly 

linked to motor control via the premotor area, therefore executive control may be 

involved in the appraisal of signalling from afferent feedback to self-regulate 

workload (Robertson & Marino, 2016). Interestingly, this occurred despite a worse 
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performance, suggesting that cerebral perfusion differences cannot be solely 

explained by work capacity.  

Theories concerning the PFC and exercise regulation, such as hypofrontality 

and lateralisation, are challenging to examine using self-paced protocols as they do 

not follow the tightly controlled block or event-related methodology observed in 

neurocognitive research (Herold et al., 2018). Compounding this, exercise pacing is a 

complex phenomenon influenced by physiological, psychological and social factors 

(Renfree & Casado, 2018). Nonetheless, the right dorsolateral PFC, a ROI in this 

case study, is thought to aid exercise tolerance by suppressing amygdala activation, 

thereby reducing the related stress response to prevent premature exercise cessation 

(Bigliassi & Filho, 2022). In the context of this study, it was anticipated that the 

pacing of hill climbs was key to optimal performance, and this would be yet more 

challenging through blinding to course knowledge and feedback information. In 

these most challenging climbing sections, higher levels of negative affect may be 

experienced by performers, leading to an increase in activation of the right 

dorsolateral PFC to regulate the associated stress response. Through expanding on 

this case study, we can investigate this proposition by going beyond the general 

notion of top-down control from the PFC (Ekkekakis, 2009). Such efforts would 

include the assessment of left and right PFC activity (e.g., relating to the control of 

approach and avoidance states, as aforementioned) to, for example, changes in task 

difficulty as demonstrated in this study. In addition, exercise-based research has yet 

to embrace techniques to directly assess PFC asymmetries, such as the laterality 

index used in this case study. Illustrating this point, no research presented in Chapter 

4 directly compared left and right PFC activity during self-paced performance.  

With respect to flanker task performance, the main observation in this current 

study was a facilitatory effect of TT completion on subsequent flanker task RT. This 

finding corroborates those presented in Chapter 2, where an improvement in flanker 

task RT was observed when completed less than 3 minutes following the completion 

of a full-effort 16 km cycling TT. This aligns with exercise-cognition literature that 

has observed a facilitatory effect of aerobic exercise on cognitive task performance 

requiring response inhibition and working memory, both during and after exercise 

bouts (Tomporowski, 2003). Despite no differences in cognitive performance 

between experimental conditions here, there is sufficient evidence presented and 
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theoretical rationale outlined to warrant further exploration into the effect of 

feedback provision and task demands on PFC haemodynamics and cognitive 

performance related to self-regulated endurance performance. Lastly, in line with the 

psychobiological model (Marcora, 2010), if the PFC and executive control are indeed 

important for RPE regulation, any self-regulatory interventions could benefit 

performance through improving perceptual experience during exercise (Giles et al., 

2018). Therefore, assessment of the cognitive and neuropsychological effects of 

interventions could provide insight into the mechanisms responsible for efficacy, 

adding support to their applied use.   

Conclusion  

Performance feedback appears important to the pacing of endurance 

performance. This is evident in the present case-study which found worse TT 

performance and economy when feedback provision was systematically removed. 

However, similar existing literature has observed inconsistent results, which possibly 

reflects the small number of studies conducted in this area and the difference in 

methodologies adopted (e.g., endpoint-knowledge provision). Future research should 

look to assess the relative contribution of performance feedback to endurance 

performance in realistic race-like simulations. Following on, findings concerning 

cerebral activity and cognitive testing are consistent with trends observed in exercise-

based research. Although the findings of the present study do not provide clear 

support for cerebral or cognitive changes as a result of manipulating feedback 

provision, this study has argued for research to explore this possibility and has 

presented a methodology for doing so, successfully measuring cerebral 

haemodynamics using fNIRS in line with best-practice guidelines (Chapter 4). This 

research could have important implications for our understanding of pacing and the 

means to help guide athlete decision-making. 
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Chapter 6 An Exploratory Investigation into the Relationships Between 

Self-Regulation, Attentional Focus and Motivation in Naturalistic Endurance 

Training Settings 
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Abstract 

  Self-regulatory capacities have important implications for endurance 

performance success, including attentional control, maintaining motivation, and 

effective pacing. The primary objective of this research was to bring together 

relevant measures of self-regulation and cognition to explore their contribution to 

endurance exercise training and performance in real-world settings. Endurance 

performers (n = 42) were tasked with completing a series of state- and trait-based 

self-report measures via an online survey prior to and following a naturalistic 

endurance exercise training session of their choice. The survey captured training 

characteristics, alongside measures of sport-specific state and trait self-control, 

attentional focus, mind-wandering tendencies, and intrinsic motivation. Self-control 

would appear to decrease through performing endurance training, with perceived 

fatigue, training load and frustration levels predictive of post-training self-control. 

Moreover, higher trait self-control was positively related to the propensity to mind-

wander during training. Additionally, this was borne out it in-practice, as 

participant’s self-control positively related to task-unrelated focus during training. 

Higher trait self-control was also positively related to training enjoyment and 

interest. Therefore, future work is needed to explore the cognitive, affective, and 

fatigue-related contributions to self-control and the unique demands that endurance 

performance places upon self-control resources. Moreover, given how attentional 

control is important for training (e.g., road safety) and performance (e.g., focusing on 

pacing goals), examining the relationship between self-control and attentional focus, 

and what factors (e.g., executive function) may underlie this, is warranted.  
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Introduction 

Recent research has outlined how self-regulation is crucial to the decision-

making processes and pacing of endurance performance (Hyland-Monks et al., 2018, 

i.e., Chapter 3). This review drew upon various research domains to argue that 

executive function underlies the top-down self-regulation of endurance exercise 

tasks. The review was in part influenced by extensive research by Brick and 

colleagues (Brick, MacIntyre, & Campbell, 2016) that investigated the importance of 

metacognitive processes to endurance performance. Specifically, the notion that 

metacognitive skills and experiences are key to an athlete’s ability to form a 

representation of the task at hand to help guide decision-making and subsequent 

appraisal.  

Brick and colleague’s work (Brick, MacIntyre, & Campbell, 2016) has borne 

research using the think aloud (TA) protocol to capture and categorise within a 

theoretical framework the cognition of those completing endurance activities in 

naturalistic (e.g., Whitehead et al., 2017) and laboratory settings (e.g., Massey et al., 

2020). Attentional focus predominantly related to thoughts defined as ‘active self-

regulation’, and therefore the monitoring of key performance feedback (e.g., power 

output) and the means to regulate performance (e.g., motivational self-talk) to 

optimise pacing. This was in part supported by research presented in Chapter 2 

observing that participants focused largely on self-regulation but also distance-

related feedback. As outlined in Chapter 4, distance-related feedback is integrated by 

participants when self-regulating pacing behaviour in line with end-point knowledge 

(St. Clair Gibson et al., 2018). Indeed, distance-related thoughts often coincided with 

motivation-related thoughts. Furthermore, verbalisations relating to power output 

were more frequent among trained versus untrained participants, attesting to an 

attuned ability to focus and integrate key performance feedback to self-regulate 

effort. The research and findings presented in Chapter 2 provide valuable insight into 

how athlete’s allocate attentional resources to pace performance within controlled 

laboratory environments. However, in this study, we aimed to take advantage of new 

and interesting methods to investigate the self-regulation, attention, and motivation 

of athletes that we first observed in Chapter 2 in more naturalistic/applied training 

and competitive settings.  
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Cognition 

To date, the extant literature has observed that athletes of externally paced 

and strategic sports perform better compared to those of self-paced and static sports 

(such as endurance running and cycling) on measure of executive function (Ballester 

et al., 2019; Jacobson & Matthaeus, 2014; Krenn et al., 2018). However, as detailed 

in Chapter 3, endurance sport is ill-defined in these studies, and therefore this body 

of literature may undervalue the role of complex cognition to endurance performance 

success. As such, research has begun investigating more discrete differences in 

cognitive capacities among endurance athletes (e.g., by performance level). This 

allows one to assess the contribution of cognition more comprehensively to the 

unique psychological challenges of endurance sports.  

Cona and colleagues tasked ultra-marathon runners with completing 

cognitive testing prior to an 80 km race (Cona et al., 2015, detailed in Chapter 3). In 

short, faster runners appeared to have better inhibitory control, displaying a superior 

ability to disregard interfering and distracting information. Following on, Belviranli 

et al. (2016) observed superior cognitive capacities in national-level orienteers and 

pentathletes versus healthy controls, and this was coupled with a higher plasma 

brain-derived neurotrophic factor (BDNF). BDNF performs several neuroprotective 

roles such as modulating neuronal survival and differentiation (Phillips et al., 2014). 

Endurance exercise has been observed to enhance BDNF levels and therefore 

neurotrophic pathways (Zoladz et al., 2008), presenting one causal mechanism that 

may explain Belviranli et al.'s (2016) and Cona et al.'s (2015) findings. Supporting 

Hyland-Monks and colleagues’ review (Hyland-Monks et al., 2018), this research 

points to cognitive capacities playing a key role in the regulation of endurance 

performance.  

Attention  

Research has begun to explore how executive function capacities may 

influence attentional focus and affective control in applied exercise performance 

settings. For instance, research has demonstrated that runner’s working-memory 

capacities were positively related to their propensity to engage in positive and 

prospective mind-wandering during an outdoor training run (Miś & Kowalczyk, 

2021). Mind-wandering can be defined as a task-unrelated train of thought, 

occupying consciousness either through a deliberate (controlled) or spontaneous 



Psychology of Endurance Performance | Robert Hyland-Monks 

 

119 

 

(uncontrolled) shift in attention (Giambra, 1995). Working-memory capacity was 

also positively associated with pleasant experiences and negatively with aversive 

aspects of training. Interestingly, a qualitative exploration of mind-wandering among 

students engaged in competitive sports has observed mind-wandering states to be 

more prevalent among endurance performers (Latinjak, 2018). However, despite the 

findings presented above, a review concluded that there is no convincing evidence 

linking working-memory capacities to sport expertise, or transference of working-

memory training to sport performance (Furley & Wood, 2016). Although efforts to 

assess the benefits of differing attentional foci on performance are well established 

(Wulf, 2013), little attention has been paid to mind-wandering tendencies and how 

they may relate to participant and tasks dynamics during endurance sport. 

Self-regulation  

Several studies have created or adapted existing measures to capture self-

regulatory capacities among endurance performers in training and competition 

settings. In keeping with the propositions detailed in Chapter 3, recent research has 

argued for a measure of self-regulation in endurance sport based on the premise that 

it is theoretically important for adherence to training schedules, race plans and 

pacing. The Endurance Sport-Specific Self-Efficacy Scale was developed with the 

aim of capturing performer’s perceived control concerning the physical, technical, 

and psychological factors that are important to performance, demonstrating sound 

validity and reliability (Anstiss et al., 2018). The scale has recently been used to 

investigate the relationship between mental toughness, self-efficacy, and 100-mile 

ultra-marathon performance (Brace et al., 2020). Mental toughness subscales of 

confidence and control were significant predictors of self-efficacy. Although scores 

were not predictive of sport performance outcomes (ultra-marathon event placing 

and time), mental toughness scores were significantly higher for ultra-endurance 

athletes compared to scores observed for athletes across several other sports, 

including hockey, soccer, mixed martial arts, and tennis. Therefore, it is possible that 

the above measures capture important qualities to endurance performance success in 

applied settings, and therefore research is needed to further explore this.  

Following on, recent research has adopted the Brief State Self-Control 

Capacity Scale to capture state-like fluctuations in perceived self-control strength 

during a shooting task (Englert, Dziuba, Wolff, & Giboin, 2021). Changes in 
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performance were associated with perceived state self-control, which diminished 

over time. Interestingly, follow-up research has observed no deterioration in 

performance among elite shooters following prior self-control exertion (Englert, 

Dziuba, Giboin, & Wolff, 2021). Aligning with the observations of Belviranli et al. 

(2016) and Cona et al. (2015), these findings suggest that an athlete’s competitive 

level could relate to their ability to preserve self-control resources during 

performance over time, although no direct comparison to less-able athletes is 

provided. However, such measures have yet to be used, or have been rarely adopted 

in empirical investigations into the psychology of endurance performance. Therefore, 

research has yet to draw together methods of measuring attentional control and self-

regulation highlighted above. Such research would be highly valuable to the field of 

endurance sport given research has shown self-control capacities to be trainable. For 

instance, maximal graded cycling test performance was significantly improved 

following two weeks of isometric handgrip training (Bray et al., 2015). Although 

several brain-related adaptations are suggested to explain the findings, it is also 

suggested that a transference from the intervention task to cycling performance may 

relate to an increase in self-efficacy to withstand and better tolerate high-exertion 

levels (Bandura, 1977).  

Aims 

The primary objective of this research was to bring together relevant 

measures of self-regulation and cognition to explore their contribution to endurance 

exercise training and performance in real-world settings. More specifically, this 

research aimed to investigate how trait and state self-control measures, alongside 

mind-wandering tendencies related to attentional focus during endurance training. In 

addition, several other theoretically relevant factors were considered, including 

participant (e.g., motivation), training (e.g., intensity) and environmental variables 

(e.g., indoor vs. outdoor exercise). The flexible and self-report nature of the 

psychometric measures adopted allowed for this research to be conducted in real-

world exercise training settings. Indeed, the generalisability of study findings is 

predicated on the representativeness of task design to the intended environment, in 

this case, exercise training and performance settings (Araújo et al., 2007). Moreover, 

the exploratory nature of this research will allow for the observation of behaviour in 
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naturalistic settings to help inform more pointed research questions for future work 

to investigate (Bishop, 2008). 

Method 

Participants 

54 participants who regularly take part in endurance sports were recruited to 

take part in the research via online and university campus advertisements. 

Unfortunately, a total of 12 possible participants did not complete both surveys to 

necessitate inclusion in the study. Participants (n = 42; female = 17) needed to be 

familiar with pacing and self-regulating endurance exercise as part of their training 

routines. Specifically, it was requested that participants were familiar with gauging 

effort in relation to performance feedback (e.g., power output and speed). In addition, 

participants were also required to have an endurance training history of no less than 

three years. Participants provided informed consent and the study was granted ethical 

approval by the relevant university institution prior to data collection. Participant 

characteristics, weekly training habits and experience are summarised in Tables 6.1 

and 6.2.  

Table 6.1 Mean (SD) for Participant’s Anthropometric Measures. 

Participant characteristics  

Age (years) 39.31 (12.74) 

Body weight (kg) 69.24 (12.48) 

Height (cm) 173.21 (8.79) 

Body Mass Index (kg/m2) 22.96 (2.89) 

 

Table 6.2 Mean (SD) for Participant’s Duration of Training Per Week and Total 

Years of Experience.  

Exercise mode  Time per week (hours) Experience (years) 

Running (n = 31) 3.44 (1.75) 10.29 (10.99) 

Cycling (n = 24) 5.83 (3.67) 14.33 (12.22) 

Swimming (n = 8)  1.75 (1.16) 10.63 (12.82) 
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Design 

The research required participants to complete a series of self-report 

measures prior to and following a naturalistic endurance exercise training session via 

an online survey (Online Surveys, Jisc: Bristol, UK).  

Measures 

Participant and Task Information  

Participant information. A questionnaire was devised by the researcher to 

obtain basic demographic information and the mode, duration, frequency, and 

competitive level of participant’s weekly endurance training and sport participation.  

Training intentions. Participants were asked to describe the training they 

aimed to complete as part of the research. This included exercise mode and intensity, 

alongside the intended distance and duration of their training.  

Trait Measures  

Self-regulation. The Endurance Sport Self-Efficacy Scale (Anstiss et al., 

2018) was used to assess participant’s self-efficacy concerning their endurance sport 

activities. The scale has exhibited sound validity and reliability as a measure of self-

efficacy among endurance athletes in Anstiss et al.’s (2018) research (α = .88). The 

scale asks participants to “please rate your degree of confidence” from, “0, cannot do 

at all” to “100, completely certain” for items including “Maintain my concentration” 

and “Deal with feelings of effort and exertion”. Higher scores indicate greater self-

efficacy.  

Mind-wandering. The Mindful Attention Awareness Scale (Seli et al., 2015) 

was used to assess tendencies toward both deliberate and spontaneous mind-

wandering states during training. The scale exhibited sound validity and reliability as 

a measure of both deliberate (α = .88) and spontaneous mind-wandering (α = .88) in 

Seli et al.’s (2015) research. The scope of the scale was modified for the present 

research by asking participants to select a response that most accurately reflected 

“the nature of your mind-wandering when participating in your endurance sport(s)”, 

ranging from “1 (rarely)” to “7 (a lot)” for items including “I allow my thoughts to 

wander on purpose” and “I find my thoughts wandering spontaneously”. Higher 

scores indicate greater mind-wandering tendencies.  
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State Measures  

Self-control. The Brief Self-Control Capacity Scale (Lindner et al., 2019) 

was used to measure state self-control. The scale has exhibited acceptable validity 

and reliability during sport performance across time (see Englert, Dziuba, Giboin, & 

Wolff, 2021; Englert, Dziuba, Wolff, & Giboin, 2021). The scale asks participants to 

select the most appropriate response to “how you feel at the moment”, ranging from 

“0 (not true)” to “7 (very true)” for items including “I feel drained” and “I feel like 

my willpower is gone”. Higher scores indicate greater self-control loss. 

Attentional focus. Two single-item scale measures were developed by the 

researchers to capture participant’s recall regarding their attentional focus during 

training. On completion of the training session, participants indicated their focus of 

attention during training on “Performance goals during the activity” and “Thoughts 

not relevant to the activity” on a scale ranging from “1 = never” to “5 = always”. 

Task demand. The National Aeronautics and Space Administration Task 

Load Index (NASA TLX; Hart & Staveland, 1988) was used to assess subjective 

workload across six single-item subscales: mental demand, physical demand, effort 

demand, performance success, frustration, and temporal demand. Each factor was 

able to contribute independent information about the source of workload for a given 

task. Moreover, the scale is more sensitive to experimental manipulations of 

workload compared to both a global rating and a combination of subscales. 

Participants were asked how “demanding the task was” in respect to each item on a 

scale ranging from “0, very low” to “20, very high”. This score was multiplied by 5, 

resulting in a final score between 0 and 100 for each of the subscale items.  

Fatigue. The single-item Rating of Fatigue Scale (Micklewright, St. Clair 

Gibson et al., 2017) was used to measure global subjective fatigue. The scale 

demonstrated sound face validity with divergence from perceived exertion, and 

significantly tracked physiological measures (e.g., heart rate) and physical activity 

levels (i.e., accelerometer data). The scale asked participants to “provide a rating that 

best reflects how fatigued you feel at this current moment”, ranging from “0 (not 

fatigued at all)” to “10 (total fatigue and exhaustion - nothing left)”. The scale is 

accompanied by visual and descriptive anchors.  

Motivation. The Short Intrinsic Motivation Inventory (McAuley et al., 1989) 

was used to assess participant’s intrinsic motivation for training. The scale has 

exhibited acceptable validity and reliability as a measure of effort/importance (α = 
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.72), interest/enjoyment (α = .78) and perceived competence (α = .83) during motor 

learning research (Abbas & North, 2018). The scale asked participants to rate 

statements concerning “how true they are to you in regard to your training session by 

selecting the most appropriate response”, ranging from “1 (not at all true)” to “7 

(very true)” for items including “This training session was fun to do” and “I would 

describe this training session as very interesting”. Higher scores indicate greater 

intrinsic motivation.  

Where relevant, please see references for full psychometric properties of the 

above scales. Table 6.3 details the internal consistencies for multi-item scales as 

calculated in the present study.  

Table 6.3 Internal Consistencies. 

Scale  Cronbach’s alpha (α) 

Endurance Sport Self-Efficacy Scale  .94 

Spontaneous mind-wanderinga .82 

Deliberate mind-wanderinga .86 

Brief Self-Control Capacity Scale (pre-training) .78 

Brief Self-Control Capacity Scale (post-training) .64 

Enjoyment and interestb .82 

Perceived competenceb .69 

Importance and effortb .76 

Note. aMindful Attention Awareness Scale; bShort Intrinsic Motivation Inventory. 

Protocol 

Participants were tasked with completing the above measures via an online 

survey (onlinesurveys.ac.uk) around a self-selected exercise endurance training 

session they completed as part of their normal endurance training routine. As such, 

the participant chose the training mode (e.g., running), whether they trained indoors 

or outdoors, and the type of training to be completed (e.g., interval session), ensuring 

that the session was defined as an endurance activity (i.e., a continuous effort that 

lasts for ≥ 75 seconds; McCormick et al., 2019). Participants were instructed to 

maintain normal activity, sleep patterns, and diet around the training session. 

Participants completed the measures above as part of a pre- and post-training survey, 

as outlined in Figure 6.1. Participants were instructed to complete the pre-training 
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survey within 4 hours of initiating the session and the post-training survey 

immediately after, or as soon as possible following their training session. Estimated 

survey completion times were clearly communicated to participants to maximize full 

completion and engagement in both surveys. Upon completion of the pre-training 

survey, participants were encouraged to complete their intended training session and 

were given an indication of the post-training survey content. Following the post-

training survey, participants were provided with debriefing information. 

Figure 6.1 Experiment protocol. 

  

The surveys were developed following the Ethical Guidelines for Internet-

Mediated Research by The British Psychological Society (2017). Furthermore, 

established guidelines for building online experiments (Sauter et al., 2020) were 

followed to ensure survey content was clear and comprehensible, while keeping the 

survey as short as was reasonably possible. The survey was initially piloted on a 

small number of representative participants for the purpose of user feedback. 

Feedback derived from piloting informed the final development of the survey. This 

principally included changing the order in which scales were presented to improve 

the flow of the survey.  
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Data analysis 

All ANOVA tests were performed using SPSS software (v.25). In line with 

established guidelines (Field, 2013), normality was analysed by visual inspection of 

distribution, skewness and kurtosis z scores, and Shapiro-Wilk statistics. 

Greenhouse-Geisser corrections were applied for violations of sphericity 

assumptions. Post hoc pairwise comparisons with Bonferroni-adjusted p values were 

conducted for significant F-ratios. Dunnett’s T3 was used for pairwise comparisons 

when assumptions of equal sample sizes and variances were violated. Partial eta 

squared (ηp²) is reported for main effects and interactions, and Cohen’s d was 

calculated as appropriate to the research design (Lakens, 2013) and reported for t-

tests and post hoc pairwise comparisons. All regression analyses were performed 

using GraphPad Prism software (v.9). Multicollinearity was assessed by VIF and 

tolerance scores, homoscedasticity via actual versus predicted residuals plots, and 

distribution and outliers by visual inspection of residuals plots, Shapiro-Wilk 

statistics and Cook’s Distance calculations. Statistical significance was accepted at 

the probability criterion of p < .05 for all testing. Due to issues concerning the 

integrity of both training distance and duration measures (i.e., both measures being 

unanalogous), the authors decided to omit this data from the analysis. 

Results  

Descriptives statistics (M, SD) for both trait- and state-based study measures, 

pre- and post-training, are presented in Table 6.4 below. 

Table 6.4 Mean (SD) for Study Measures. 

Measure Pre-training  

(M, SD) 

Post-training 

(M, SD) 

Trait-based measures  

   Endurance Sport Self-Efficacy Scale 

   The Mindful Attention Awareness Scale 

      Spontaneous mind-wandering 

      Deliberate mind-wandering 

State-based measures  

   Brief Self-Control Capacity Scale  

   Rating of Fatigue Scale  

   Attentional focus 

      On-task 

      Off-task  

   NASA-TLX 

      Physical demand 

 

93.95 (15.67) 

 

3.79 (1.38) 

4.44 (1.46) 

 

2.90 (1.12) 

4.00 (1.95) 

 

- 

- 

 

- 

 

- 

 

- 

- 

 

2.50 (0.85) 

4.67 (2.27) 

 

3.62 (0.96) 

2.10 (1.23) 

 

62.02 (22.85) 
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      Mental demand  

      Effort demand  

      Performance success 

      Frustration 

      Temporal demand  

   The Short Intrinsic Motivation Inventory 

      Effort and importance  

      Interest and enjoyment  

      Perceived competence 

- 

- 

- 

- 

- 

 

- 

- 

- 

41.79 (24.52) 

66.31 (19.73) 

79.29 (21.14) 

18.57 (20.28) 

42.26 (26.53) 

 

5.18 (1.28) 

4.95 (1.27) 

5.45 (1.03) 

 

Note. NASA-TLX = National Aeronautics and Space Administration Task Load Index. 

Self-Control  

A multiple linear regression was performed to assess the factors related to 

Brief Self-Control Capacity Scale scores post-training. The overall regression model 

was significant, F(5, 36) = 10.38, p < .001, R2 = .59. Significant predictors were 

weekly training load (β = 0.12, p < .001; Figure 6.2), post-training frustration (β = 

0.02, p = .001) and post-training Rating of Fatigue (β = 0.14, p = .007). Mental 

demand and physical demand of the training were non-significant predictors (both p 

> .05). Brief Self-Control Capacity Scale scores were significantly lower post-

training (M = 2.50, SD = 0.85) compared to pre-training (M = 2.90, SD = 1.12), t(41) 

= 2.19, p = .034, dz = 0.34. 

Figure 6.2 Training Load and Post-Training Brief Self-Control Capacity Scale.  

Note. Dotted lines represent 95% confidence interval. BSCS = Brief Self-Control 

Capacity Scale.  



Psychology of Endurance Performance | Robert Hyland-Monks 

 

128 

 

Attention Focus  

A multiple linear regression was performed to assess whether trait-based 

mind-wandering tendencies related to Endurance Sport Self-Efficacy Scale scores. 

The overall regression model was significant, F(2, 39) = 6.19, p = .005, R2 = .24. The 

only significant predictor was spontaneous mind-wandering (β = -5.08, p = .01; 

Figure 6.3). Deliberate mind-wandering was a non-significant predictor (p > .05). 

Additionally, a simple linear regression between spontaneous mind-wandering and 

task unrelated thoughts during training was significant, F(1, 40) = 11.50, p = .002, R2 

= .22. Spontaneous mind-wandering significantly predicted task-unrelated thoughts 

during training (β = 0.42; Figure 6.3).  

A significant main effect was observed for training type on self-reported 

goal-focus during training, F(2, 36) = 4.52, p = .02, ηp² = .20. A significantly greater 

focus on goals was observed when participants completed high-intensity training (M 

= 4.10, SD = 0.74) compared to low-intensity endurance training (M = 3.16, SD = 

0.90, p = .03, ds = 1.11). In addition, a significantly greater focus on goals was 

observed for participants who chose to train indoors (M = 4.08, SD = 0.90) versus 

outdoors (M = 3.43, SD = 0.94), t(40) = 2.06, p = .046, ds = 0.70. However, no other 

significant effects were observed for self-reported goal-focus and task unrelated 

thoughts during training as a result of training type or training environment (all p 

values > .05).  

Figure 6.3 Spontaneous Mind-Wandering and Endurance Sport Self-Efficacy Scale 

(left); Spontaneous Mind-Wandering and Task-Unrelated Focus (right). 

Note. Dotted lines represent 95% confidence interval. MW-S = spontaneous mind-

wandering, ESSES = Endurance Sport Self-Efficacy Scale. 
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Motivation  

Multiple linear regressions were performed to assess the factors related to the 

perception of effort and importance, interest and enjoyment, and perceived 

competence as sources of intrinsic motivation concerning the training completed. 

Concerning effort and importance, the overall regression model was significant, F(3, 

38) = 4.46, p = .009, R2 = .26. The only significant predictor was perceived physical 

demand of the training (β = 0.03, p = .01). Mental demand and effort demand were 

non-significant predictors (both p > .05). Concerning interest and enjoyment, the 

overall regression model was significant, F(4, 37) = 3.89, p = .01, R2 = 

.30. Significant predictors were Endurance Sport Self-Efficacy Scale scores (β = 

0.04, p = .006; Figure 6.4), task unrelated focus during training (β = -0.45, p = .01) 

and spontaneous mind-wandering (β = 0.41, p = .03). Deliberate mind-wandering 

was a non-significant predictor (p > .05). Concerning perceived competence, the 

overall regression model was significant, F(2, 39) = 18.98, p < .001, R2 = 

.49. Significant predictors were perceived performance success (β = 0.02, p < .001) 

and post-training frustration (β = -0.02, p = .005). 

A significant main effect was observed for training type on self-reported 

effort and importance of training, F(2, 36) = 3.53, p = .04, ηp² = .16. A significantly 

greater effort and importance was attributed to high-intensity training (M = 5.97, SD 

= 0.64) compared to low-intensity endurance training (M = 4.75, SD = 1.44, p = .01, 

Note. Dotted lines represent 95% confidence interval. ESSES = 

Endurance Sport Self-Efficacy Scale. 

Figure 6.4 Endurance Sport Self-Efficacy Scale and Interest and Enjoyment.  
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ds = 0.98). However, no other significant effects were observed for effort and 

importance, interest and enjoyment, or perceived competence as a result of training 

type or training environment (all p values > .05). 

Task Demands  

A significant main effect was observed for training type on self-reported 

mental demand, F(2, 36) = 5.33, p = .009, ηp² = .23, physical demand, F(2, 36) = 

5.06, p = .01, ηp² = .22, effort demand, F(2, 36) = 6.46, p = .004, ηp² = .26, and 

temporal demand of training, F(2, 36) = 16.50, p < .001, ηp² = .48. Key post-hoc 

comparisons are presented below in Table 6.5. However, no other significant effects 

were observed for Rating of Fatigue, post-training frustration, or perceived 

performance success as a result of training type or training environment (all p values 

> .05).  

Table 6.5 Post-Hoc Comparisons for Task Demands. 

Discussion 

In the present study, participants were tasked with completing a series of self-

report measures prior to and following a post-exercise endurance training session. 

The principal aim of this research was to uniquely bring together measures of self-

regulatory capacities, attentional processes, and motivational quality to establish how 

these factors influence the psychology of endurance performance in real-world 

training settings. The key findings will be summarised and then discussed in relation 

Measure Main 

effect 

Post-hoc comparisons (M, SD) Effect 

size (ds) 

Mental 

demand  

Training 

type** 

 

High intensity (60.50, 25.87) > low intensity (32.11, 

20.90)** 

1.25 

Physical 

demand  

Training 

type* 

 

High intensity (77.50, 6.35) > low intensity (55.00, 

23.75)* 

 

1.14 

Effort 

demand  

Training 

type** 

 

High intensity (80.00, 11.79) > low intensity (57.89, 

18.88)** 

Tempo, threshold (74.50, 18.02) > low intensity 

(57.89, 18.88)ns 

1.31 

 

0.89 

Temporal 

demand  

Training 

type*** 

High intensity (64.50, 21.79) > low intensity (26.58, 

16.59)*** 

Tempo, threshold (59.00, 21.32) > low intensity 

(26.58, 16.59)*** 

2.05 

 

1.77 

Note. nsnon-significant, *p < .05, **p < .01, ***p < .001. 
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to existing literature and theory. In addition, given the exploratory nature of the 

work, recommendations for future research, and the value this work would represent 

to advancements in endurance sport, will be provided. 

Self-control 

Participant’s rating of post-training self-control was significantly lower than 

pre-training levels, indicating a higher self-control loss post-training. To the 

researcher’s knowledge, no research has directly measured self-control over time in 

an endurance performance setting. This finding is in contrast to a loss of self-control 

over time that has been observed in research concerning motor performance. For 

instance, self-control levels were found to decline over time for elite and sub-elite 

shooters between shooting task intervals (Englert, Dziuba, Wolff, & Giboin, 2021). 

Moreover, shooters who reported lower levels of self-control strength performed 

worse. Compared to elite shooters, sub-elite shooters displayed greater deterioration 

in shooting performance and self-control over time. This research was followed by 

more experimental work to assess self-control and elite shooter’s performance 

following prior mental exertion (Englert, Dziuba, Giboin, & Wolff, 2021). However, 

no change in self-control levels or performance was observed as a result of prior 

mental fatigue versus control conditions.  

These findings would align with resource-based models of self-control 

(Baumeister, 2002). The key concept of such models is that self-control resources are 

limited; akin to a working muscle, such resources are finite and expended over time, 

ultimately leading to a state of ‘ego-depletion’. However, differences in self-control 

levels and performance as a result of experience but not mental fatigue suggest there 

is some nuance to the conditions in which self-control relates to performance. One 

explanation proposed by Englert, Dziuba, Giboin, and Wolff (2021) is a higher 

degree of automatization of task-specific processing demands for elite athletes, 

resulting in less self-control costs to further self-regulatory efforts and performance. 

Indeed, expert versus novice comparisons reveal practice-induced cortical 

adaptations that require less attentional demand and less cognitive interference 

concerning motor planning and execution (Hatfield et al., 2004). 

However, how such theories relate to highly automated sports like running 

and cycling is unclear. In these fields, little conclusive evidence has been presented 
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to suggest improved efficiency in more experienced or higher-performing athletes 

that can be separated from any aerobic fitness-related adaptations (Ettema & Lorås, 

2009). The research of Cona et al. (2015) and Belviranli et al. (2016) highlights a 

possible superior prefrontal dependent cognition in superior endurance performers, 

which may relate to adaptations to neurotrophic pathways. Furthermore, Martin et al. 

(2016) observed greater resistance to mental fatigue effects on time-trial performance 

in more highly trained cyclists. A causal mechanism for this result, as suggested by 

Martin et al. (2016), is an adaptation to the anterior cingulate cortex in trained 

persons. This area of the brain is implicated in effortful cognitive control (Bush et al., 

1998) and perception of effort (Williamson et al., 2002). Therefore, the above 

research provides alternative theories for the ‘strengthening’ of self-control resources 

through practice at the level of the brain. Using the metacognitive framework (Brick, 

MacIntyre, & Campbell, 2016) from an applied perspective, these improvements 

may relate to enhanced active self-regulation (e.g., power output adjustments) in line 

with internal sensations (e.g., perceived fatigue) and competitor behaviour (e.g., an 

opponent starting to move ahead). Future work could investigate the self-control 

levels of endurance performers over time at various levels of expertise (Pauw et al., 

2013); moreover, to establish a possible causal mechanism, following prior mental 

exertion. Such work could highlight the value in monitoring self-control levels across 

an athlete’s competition, training, and other commitments.  

Following on, it was found that both Rating of Fatigue and training load are 

significant predictors of self-control post-training. Both predictors were positively 

related to self-control. This would suggest that both accumulative and acute 

contributions to sensations of fatigue play a role in perceptions of self-control. 

Fatigue has become a variable of interest for researchers looking to expand on 

resource-based models of self-control (Baumeister, 2002). In one such study, 

participants were asked to complete muscular endurance exercise to exhaustion 

under conditions of high and low mental fatigue (Graham et al., 2017). A mediation 

analysis indicated self-control exertion increased fatigue, which in turn led to 

reduced task self-efficacy and performance. In turn, a mechanistic link has been 

suggested between neurophysiological changes resultant from prolonged exertion of 

self-control and interoceptive sensations of fatigue (Holroyd, 2016). From a 

motivational perspective, these aversive sensations are thought to signal the rising 
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cost of further engagement of self-control to help inform a cost–reward analysis 

either toward or away from further control application (Wolff & Martarelli, 2020). 

Future research could explore whether endurance performer’s self-control levels 

track both acute and chronic fatigue, whether this be derived from physical or 

perceptual measures. If such links are established, these findings could help athletes 

and coaches manage cognitively demanding elements of their schedule, including 

training, to minimise their effects on fatigue levels.  

Furthermore, task frustration was also found to significantly predict post-

training self-control levels. The two variables were positively related. It is important 

to note that task frustration involved asking participants how “insecure, discouraged, 

irritated, stressed, and annoyed were you?” during training. Therefore, this measure 

captures emotional quality in the moment. Pertinently, research has observed worse 

performance on a demanding and frustrating problem-solving task completed after 

participants were challenged to suppress their emotion while watching an emotive 

movie (Baumeister et al., 1998). Therefore, it is possible that the requirement to 

regulate affective state during participant’s training sessions may have been 

deleterious to self-control. Moreover, such regulatory efforts may have been 

impacted by affective changes related to a hypofrontality effect during training. The 

reticular activating hypofrontality (RAH) model (Dietrich & Audiffren, 2011) 

proposes a downregulation in prefrontal areas, and therefore executive control, in 

line with training duration and intensity. This could, for example, present a challenge 

in the reappraisal of interoceptive cues (e.g., through motivational self-talk) to help 

resist the urge to stop or reduce effort when highly fatigued. Therefore, alongside 

prior mental exertion as described above (Englert, Dziuba, Giboin, & Wolff, 2021; 

Graham et al., 2017; Martin et al., 2016), future work could explore whether 

affective regulation reduces self-control capacities and subsequent exercise 

performance. Psychological strategies to regulate emotion in sport are long 

established (Lane et al., 2012). If such strategies are effective at preserving self-

control capacities, this may in turn benefit self-efficacy and performance (Graham et 

al., 2017). 

Attentional Focus  

Participant’s spontaneous mind-wandering tendencies during training 

significantly predicted scores on the Endurance Sport Self-Efficacy Scale. The two 
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variables were negatively related. It is important to note that the Endurance Sport 

Self-Efficacy Scale places a strong emphasis on self-regulatory capacities. For 

instance, the scale asks how confident one is in their ability to “maintain [their] 

concentration” and “manage [their] thoughts during events”. Indeed, Anstiss and 

colleagues state that one’s self-efficacy concerning their ability to “control and 

manage exercise induced sensations and intrusive thoughts and emotions is likely to 

be an important factor in understanding and enhancing endurance performance” (p. 

181, Anstiss et al., 2018). Therefore, the results would appear to suggest a link 

between participant’s tenancies to mind-wander involuntarily during training and 

their self-regulatory capacities as they pertain to endurance performance. In addition, 

spontaneous mind-wandering significantly predicted participant’s task unrelated 

focus during the training session completed. The two variables were positively 

related. Therefore, this research is unique in finding a possible link between 

spontaneous mind-wandering and self-regulation that is borne out in-practice. That 

is, those that are more likely to spontaneously mind-wander during training reported 

a greater task unrelated focus during the training. From an applied perspective, 

measuring athlete’s mind-wandering tendencies could be used to determine those 

who may benefit from strategies to maintain task focus and avoid distractions, such 

as instructional self-talk (Hatzigeorgiadis & Galanis, 2017).  

 Miś and Kowalczyk's (2021) work points to a possible link between mind-

wandering tendencies, working memory capacity, and affective regulation during 

running training. Given the self-regulatory nature of the Endurance Sport Self-

Efficacy Scale, it is plausible that working memory capacity, a domain of top-down 

executive control (Miyake et al., 2000), overlaps with the abilities measured by the 

scale. Therefore, it is possible that working memory is important to affective and 

attentional control during training. If true, it contradicts findings that suggest no 

relationship between working memory and sport expertise (Furley & Wood, 2016). 

In turn, it would support the findings of research looking more specifically at 

endurance performance and executive function highlighted earlier (Belviranli et al., 

2016; Cona et al., 2015; Martin et al., 2016). This difference may relate to the 

inadequate categorisation of endurance sports in the extant literature (e.g., Krenn et 

al., 2018) which do not capture the dynamical (Renfree & Casado, 2018) and 

psychological (Venhorst et al., 2018) components of endurance performance. This 
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may have hindered attempts to explore the cognitive demands of endurance sports 

that are important for success. Furthermore, given that research has demonstrated 

cognitive reappraisal is effective in the regulation of affective state and perceived 

exertion during running performance (Giles et al., 2018), future research could 

investigate the link between executive function and self-regulatory capacities, and 

how they relate to endurance performance and efficiency.  

Following on, participant’s attentional focus was influenced by the type of 

training performed and the environment it was completed in. Participants reported a 

greater focus on their training goals when completing high-intensity compared to 

low-intensity endurance training. In addition, a greater focus on training goals was 

reported when the training was completed in an indoor versus outdoor environment. 

Although not compared to lower intensity exercise, previous work utilising TA has 

suggested a predominant focus on active self-regulation during full-effort, high-

intensity time-trial performance (Massey et al., 2020; Whitehead et al., 2017, 2018). 

Exercising at full capacity is the ultimate test of a performer’s ability to manage their 

resources effectively. This is demonstrated by participant’s thought processes from 

the research presented in Chapter 2. For instance, the need to maintain a high 

workload (e.g., “I’m pushing really hard”) in the face of discomfort (e.g., “legs are 

very sore!”), aided by self-regulatory strategies (e.g., “just relax and stay in control”) 

and motivational self-talk (e.g., “12 km’s done, great effort!”). These cognitions may 

be underpinned by the cerebral perturbations described above as part of the RAH 

model (Dietrich & Audiffren, 2011). As exercise exceeds the ventilatory threshold, 

the performer must contest with the hypofrontality of self-control regions of the brain 

to maintain top-down control of pacing. Conversely, at lower intensities, the 

performer has more voluntary control of attentional focus and may switch between a 

task-related and task-unrelated focus of attention (Hutchinson & Tenenbaum, 2007). 

This notion is also reinforced by participants perceiving high-intensity training as 

more mentally demanding than low-intensity training. 

An alternative explanation for the lower task-focus for low-intensity, 

endurance training may relate to its longer duration and less demanding nature. 

Indeed, participants reported a higher perceived physical demand for high-intensity 

versus low-intensity training. This reduced task engagement is possibly explained by 

boredom effects; that is, an aversive state induced by unsuccessful engagement in the 
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task at hand (Eastwood et al., 2012). Training has been reported as boredom-

inducing even for professional athletes (Velasco & Jorda, 2020). This is especially 

pertinent when one considers the repetitive and often prolonged duration of aerobic 

endurance training. These effects may have been more pronounced for participants 

who completed training indoors. Indeed, a systematic review found that exercise in 

natural environments was associated with greater positive engagement and mood 

profile versus indoor exercise (Thompson Coon et al., 2011). Moreover, boredom 

may result from a challenge-skill imbalance where the task is perceived as 

underchallenging (Pekrun et al., 2010), such as low-intensity training in the present 

study. It is also possible for the converse to be true, that a prolonged activity is very 

challenging to self-control resources in terms of maintaining task-focus. The findings 

of the present study support the former notion, as participants rated high-intensity 

training more effort-demanding than those completing low-intensity, endurance 

training. However, no significant findings were observed for task unrelated thoughts 

as a function of training type and environment. Therefore, the propositions provided 

above are only partially supported by the findings. To date, surprisingly little work 

has investigated how the nature of training (e.g., task intensity and duration) impacts 

self-regulatory capacities and attentional focus in applied settings, including task 

engagement and boredom, so future work could explore this. Investigating the 

antecedents of these aversive states will provide vital information for the 

development of strategies to combat them. Such research is timely given that those 

who experienced boredom were more likely to suffer from an ‘action crisis’ (i.e., 

considerable mental difficulties in achieving one’s goals) during ultra-marathon 

competition (Weich et al., 2022).  

Motivation  

The only significant predictor of perceived effort and importance was 

perceived physical demand of the training completed. The two variables were 

positively related. In addition, participants attributed a greater effort and importance 

to high-intensity training compared to low-intensity, endurance training. This is not 

surprising given that participants rated high-intensity training as more physically and 

mentally demanding, and more effortful to complete. This would suggest an intrinsic 

link between the effort and importance one places on training, and the physical 

workload and nature of the training completed. Firstly, it is pertinent to note that 
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motivation is key to contemporary thinking concerning the psychology of endurance 

performance (e.g., Marcora, 2010). Indeed, an improvement in 10 km time-trial 

cycling performance was observed through using motivational self-talk compared 

with neutral self-talk (Barwood et al., 2015), suggesting that the motivational quality 

of the intervention was key. Following on, the findings are perhaps illustrative of a 

misperception that high-intensity training is most important to one’s endurance 

training goals. Recent research has shown that regardless of how exercise training is 

structured (i.e., pyramidal or polarized), endurance performers effectively improved 

endurance surrogates and performance via completing the majority of their training 

in ‘Zone 1’ (between 77-81%), described as intensities below the first ventilatory 

threshold (Filipas et al., 2022). This is also reflective of the training regimes of elite-

level cross-country skiers, as over 90% of their training was characterised as below 

the first lactate threshold (Tønnessen et al., 2014). However, without detailed 

information regarding participant’s respective disciplines, it is not possible to 

accurately compare their training to the findings above. In addition, the nature of 

sub-elite training may also be influenced by practical barriers, such as time 

constraints, making it difficult to complete low-intensity training at the required 

volume. Nonetheless, this is something to be mindful of for coaches, practitioners, 

and performers alike, and future research could explore sub-elite performer’s training 

regimes and the factors involved in developing them.  

Significant predictors of interest and enjoyment were Endurance Sport Self-

Efficacy Scale scores, spontaneous mind-wandering, and task unrelated focus. Both 

self-efficacy and mind-wandering were positively related to interest and enjoyment, 

whereas task-unrelated focus was negatively related. These findings may be 

explained by the performer’s ability to regulate both performance and attentional 

focus during training, leading to better perceived task engagement. As 

aforementioned, those with a perceived capability to effectively self-regulate 

performance and affective state may be better able to maintain goal-directed 

behaviour in the face of adversity (Brick, MacIntyre, & Campbell, 2016). In an 

applied sense, this could mean the effective management of workload (e.g., maintain 

pace at the desired intensity) and affective state (e.g., emotional valence) through 

sufficient attention on one’s objective and away from unwanted thoughts (e.g., 

sensations of fatigue leading to self-doubt). This process could be aided by proven 
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coping strategies to cognitively reappraise the sensations of fatigue to ultimately 

guide decision-making in line with one’s goals (e.g., to resist the urge to slow down). 

Indeed, those equipped with psychological interventions (e.g., implementation 

intentions) reported better stress controllability post-exercise versus control 

participants (Meijen et al., 2022). Furthermore, mind-wandering tendencies 

positively correlating with enjoyment and interest is intriguing given that previous 

research has observed a link between mind-wandering and working-memory capacity 

in runners (Miś & Kowalczyk, 2021). Working memory can be defined as the 

capacity to retain a small amount of information relevant to an on-going task active 

in one’s mind (Furley & Wood, 2016). Therefore, the findings may reflect the 

capacity to mind-wander during performance without hindering the engagement in 

pursuing one’s goals. Little attention has been dedicated to mind-wandering states 

and endurance performance, so future research could explore propensities to mind-

wander and the function this serves for endurance performers.  

Significant predictors of perceived competence were perceived performance 

success and post-training frustration. Whilst performance success positively related 

to competence, frustration was inversely related to performance. Therefore, it would 

appear that perceived competence is derived from both perceived task success (e.g., 

achieving one’s training goals) and how frustrating the participant found the 

experience (e.g., experiencing an action crisis, such as an injury). In practice, this 

demonstrates the importance of striking a balance between setting achievable yet 

challenging training goals. Recent research has shown that goal difficulty shares a 

linear relationship with persistence (Lee et al., 2015). However, this relationship 

breaks down for extremely difficult goals. This curvilinear relationship is mediated 

by affect (e.g., satisfaction in achieving a difficult goal) and the expectancy of 

achieving one’s goal (i.e., chance of success). Future work could explore whether 

this relationship between goal difficulty and commitment is shared in respect to 

endurance training and the challenges that it presents.  

Limitations and Future Directions 

One limitation to the present study is sample size. A variety of guidelines 

have been put forth for determining minimum sample size for regressions.  One 

method is to use a participant-to-variable ratio, which typically range from 15-40 

participants recommended per explanatory variable used (Dancey & Reidy, 2017). 
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Moreover, Tabachnick & Fidell (2013) have presented a formula for determining 

sample sizes for regressions, N ≥ 50 + 8M (where ‘M’ is the number of explanatory 

variables used). Therefore, despite being an exploratory project, caution should be 

exercised when analysing the findings from this research, as results can be overly 

optimistic (i.e., a higher likelihood of type I errors) when smaller sample sizes are 

used (Dancey & Reidy, 2017). Related to the above, a further drawback to the 

present study is the attrition rate of participants from the pre- to post-training survey 

(22%). This threatens the generalisability and external validity of the findings 

through a reduction in sample size possibly influenced by systematic differences in 

participant characteristics (Zhou & Fishbach, 2016). Although guidelines for 

internet-mediated research were followed, further survey instruction that prewarns 

participants of what to expect and features an appeal-to-consciousness (e.g., “drop-

out may compromise data quality”) has been shown to significantly reduce drop-out 

rates (Zhou & Fishbach, 2016). Likewise, data analysis suffered from missing data or 

incorrect completion of the survey by participants. This may reflect the difficulty in 

conducting research at distance without the ability to supervise study participation. 

Therefore, the survey may have benefitted from the inclusion of periodical 

instruction or attention checks, as suggested by Sauter et al. (2020). Future research 

should take these extra measures to minimize study attrition and preserve the quality 

of data collection. However, as Sauter et al. (2020) note, such remedies can present 

their own selective biases. Lastly, although this study aimed to examine self-selected 

training in naturalistic settings, a limitation of this approach is the lack of control 

concerning the nature of participant’s training. Future research could prescribe 

different types of training (e.g., low vs. high intensity) to be completed in different 

environments (e.g., indoors vs. outdoors) so more valid and reliable comparisons can 

be made.  

Conclusion 

This research aimed to investigate how self-regulatory processes relate to 

endurance performer’s experience (i.e., attention, motivation, and effort) in their 

natural training routines. Warranting investigation, existing literature has seldom 

investigated these processes to understand the factors contributing to pacing 

behaviour outside of contrived laboratory settings. Firstly, it seems plausible to 

suggest that self-control capacity is a limiting factor concerning endurance 
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performance. However, how existing theory relates to endurance performance 

remains unclear, with several competing theories primed for investigation. Therefore, 

future work to explore the cognitive, affective, and fatigue-related contributions to 

self-control effects on endurance performance is warranted, alongside the role of 

performer’s characteristics (e.g., expertise level). Moreover, a possible link exists 

between self-control capacities, mind-wandering tendencies, and task focus during 

training. Interestingly, these same factors were predictive of task enjoyment and 

interest. In addition, task focus appears to be influenced by training demands and the 

environment. As optimizing decision-making and pacing is crucial to performance, 

further explorations into athlete’s attentional focus tendencies could be advantageous 

for the development of strategies to aid self-regulatory efforts and task engagement, 

particularly for those prone to mind-wandering, completing strenuous training 

regimes, or exercising in unstimulating conditions (e.g., indoors). Furthermore, a 

greater importance was placed on high-intensity relative to low-intensity training, 

which calls for research into sub-elite training regimes and the reasons behind their 

development to help guide training in line with one’s goals.  
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Chapter 7 General Discussion 
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In this final chapter, for each research theme, I will outline the aims, 

methodology, and salient findings. I will also detail the theoretical and practical 

implications of these findings, and the directions that future research could take. 

Following this, a personal reflection on my learnings will be provided. Here, I will 

detail the adversities I faced when completing this work and how such learnings will 

positively impact my future research endeavours.  

Think Aloud and Thought Processes 

With a burgeoning field of research adopting think aloud (TA) as a method to 

capture the thought processes of endurance performers (Massey et al., 2020; Samson 

et al., 2017; Whitehead et al., 2017, 2018), this study was the first to assess in earnest 

the feasibility of TA methodology to capture thought processes during self-paced 

endurance performance, alongside what thought processes captured, in conjunction 

with measures of cognition and psychophysiology, contribute to our understanding of 

pacing behaviour. To achieve these aims, 16 cyclists (8 trained, 8 untrained) were 

tasked with completing a 16 km lab-based TA and No TA time-trial (TT). In 

addition, affective state and Rating of Perceived Exertion (RPE) were measured 

during, and response inhibition (i.e., flanker task) was measured pre- and post-

exercise.  

Promisingly, TA did not appear to compromise exercise performance or 

pacing. Likewise, no significant difference in perceptual experience was reported by 

participants. Moreover, flanker task performance, and therefore response inhibition 

capacities were not found to significantly differ across the experimental trials. It 

should also be noted that the analysis accounted for TA prevalence (i.e., frequency of 

verbalisation) as a potential confound on these results. Therefore, it would appear 

that TA is feasible to use during endurance exercise performance without undue 

interference (i.e., reactivity). Pertinently, this finding would contrast with that 

outlined in a review of TA use across a variety of performance domains that 

observed a small-to-moderate effect size for reactivity (Fox et al., 2011). This study 

was the first to directly compare TA to control conditions in self-paced endurance 

performance. Given the novelty of the results observed, future studies are needed to 

replicate these findings. Regardless of the results, this prudence will allow for more 

informed conclusions to be drawn from research using TA to capture endurance 

performer’s thought processes moving forward. 
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Largely reflecting nascent literature (Massey et al., 2020; Whitehead et al., 

2018), distance- and motivation-related verbalisations were most prevalent. 

Furthermore, these themes became increasingly more frequent as the finish line 

approached. This suggests that self-regulatory interventions are most useful in the 

more difficult, latter stages of a race, as previous research has suggested (Barwood et 

al., 2015), and that end-point knowledge becomes more salient in gauging effort in 

anticipation of an end-spurt (St. Clair Gibson et al., 2018). Thought processes 

became less outwardly orientated as the TT progressed, possibly reflecting affective 

changes and cerebral perturbations, principally the downregulation of lateral areas of 

the prefrontal cortex (PFC) to preserve more vital brain regions around the 

ventilatory threshold (Dietrich & Audiffren, 2011), as a transition from a positive to 

negative affective experience occurs (Ekkekakis et al., 2011). Now with a growing 

body of literature using TA, a greater understanding of the nature of endurance 

performer’s thoughts can help inform coaching, for instance, in the development of 

pacing strategies and deployment of psychological strategies (Whitehead et al., 

2018). Specifically, athletes can maximise the benefits of psychological strategies by 

using them in the final stages of endurance events when fatigue levels and the need 

to resist the urge to stop or slow down are most pressing, and affective regulation is 

most difficult. Moreover, this approach could be individualised to a given athlete 

based on their thought processes during training or performance.  

Despite the feasibility and usefulness of TA highlighted above, there are 

considerations to be heeded before inferring from observations derived from the 

methodology. Firstly, assessing the feasibility of TA is challenging as it may confer 

benefits to performance (e.g., increased self-monitoring of pacing), but also limit 

performance through interference (i.e., reactivity). As such, these pros and cons are 

difficult to disentangle. Adding to this, recent work has observed benefits to both 

cycling performance and economy through using TA (Whitehead et al., 2022). 

However, this study used TA in conjunction with functional near-infrared 

spectroscopy (fNIRS) to measure PFC activity, which could help disentangle TA 

effects, if present, and what may underlie them. Therefore, future work should look 

to explore TA use in tandem with other measures of cognition. Furthermore, there is 

a question of what TA truly captures. Unconscious and subconscious influence over 

pacing may be left unaccounted for by TA (Micklewright, Kegerreis et al., 2017). 
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Therefore, measures of non-explicit cognition, such as eye tracking (Massey et al., 

2020) may help address this. In addition, does TA merely reflect the stimuli available 

in the environment? This is particularly pertinent for research conducted in 

laboratory settings. Therefore, efforts to bridge the gap to real-world applied settings 

are needed, which may come in the shape of virtual reality (Neumann et al., 2018) or 

more field-based research (Whitehead et al., 2017).  

With TA research into endurance exercise still in its infancy, there are several 

further opportunities for future work to learn and build on existing literature and the 

work conducted here. Comparatively few differences in TA content were observed 

between trained and untrained populations in this research relative to the existing 

literature (Massey et al., 2020; Whitehead et al., 2018). Indeed, this may relate to 

small differences in participant characteristics or task demands, as stated in Chapter 

2. Nonetheless, further steps could be taken to better define participant populations to 

investigate expert versus novice comparisons. To this end, obtaining absolute and 

relative VO2max, alongside peak aerobic power output (PO) would allow one to 

classify participants against well-established criteria outlined for cyclists (Pauw et 

al., 2013). Robustly conducted research using these criteria could be highly valuable 

as cerebral oxygenation is better preserved among aerobically trained individuals 

during high-intensity exercise (Rooks et al., 2010), which might have implications 

for cognition and the verbalisation of thought processes during endurance exercise. 

Possible future directions for research involving TA are summarised in Table 7.1.  

Table 7.1 Possible Future Directions for Investigating the Psychology of Self-Paced 

Endurance Performance. 

Think Aloud Executive Function and 

fNIRS 

Self-Regulation 

• More robust expert vs. 

novice comparisons.  

• Prospective study 

designs to assess 

cognition and endurance 

performance.  

• Fatigue and affective 

contributions to self-

control capacities. 

• More immersive 

environments (e.g., 

Zwifta). 

• Best-practice use of 

fNIRS to explore 

neurocognitive 

mechanisms of pacing.   

• Attentional control, 

mind-wandering states 

and their effects on 

performance. 
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• Combine with other 

neurocognitive measures 

(e.g., fNIRS).  

• To investigate specific 

functions of the PFC in 

regulating endurance 

performance (e.g., by 

expanding Chapter 5 

research).  

• Training characteristics 

and their effects on 

attentional focus and 

motivation. 

Note. aOnline virtual cycling and running software.  

Lastly, it is also useful to personally reflect on your work as a researcher to 

learn from the adversities you have faced. With a purported ‘replication crisis’ in the 

field of psychology (Maxwell et al., 2015) and concerns regarding the integrity of 

research in sport and exercise sciences (Schweizer & Furley, 2016), the need for 

comprehensive prior planning of research is clearer than ever. Despite performing an 

a priori power calculation for the present research, experimental studies are often 

underpowered to detect small-to-medium effects (Schweizer & Furley, 2016). This 

may have been the case for hypotheses beyond the question of simple reactivity in 

the present research, as more variables (e.g., trained vs. untrained comparisons) are 

factored into the calculation. Indeed, trends toward a decline in cognitive 

performance following the TA condition may have been statistically significant with 

greater power. Remedies suggested to mitigate these issues are largely beyond the 

capacities of a PhD researcher, such as collaborative efforts from multiple 

investigators (Maxwell et al., 2015). However, with the benefit of hindsight, more 

careful consideration in project development would be prudent in future. 

Considerations should include the methodology (e.g., sample size required) and 

means to conduct the work (e.g., personnel involved in data collection) within a 

reasonable timeframe. 

fNIRS and Executive Function  

As TA reveals the conscious thought processes related to pacing behaviour, 

other methodologies are being adopted to glimpse the underlying mechanisms 

concerning the self-regulatory properties of the brain during performance. Indeed, 

there is a growing interest in the neuropsychology of pacing and endurance 

performance, ranging from reviews covering cerebral oxygenation patterns during 

incremental exercise (Rooks et al., 2010), PFC response as a function of exercise 

characteristics (De Wachter et al., 2021), and the feasibility of fNIRS to investigate 

the exercise–cognition relationship (Herold et al., 2018). However, these reviews do 

not grapple with the self-regulatory processes that govern the pacing of endurance 
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performance (i.e., executive control), and how existing means (i.e., fNIRS) could be 

used to investigate these processes. Given that pacing is a dynamical process that 

requires the balancing of various competing interests (Renfree & Casado, 2018), self-

paced exercise and the PFC, implicated in the decision-making required, was of 

particular interest. Therefore, via a narrative review, Chapter 3 sought to explore the 

self-regulation of endurance performance through the lens of executive functioning. 

Subsequently, via a scoping review, Chapter 4 sought to assess both the methodology 

and findings of research using fNIRS over the PFC during self-paced endurance 

performance. In Chapter 5, this groundwork was used to undertake an experimental 

investigation into the importance of feedback integration to endurance performance, 

using measures of TT performance, psychophysiology, cognition, and PFC 

haemodynamics.  

In Chapter 3, an argument for the importance of cognitive processes to the 

self-regulation of endurance performance is presented. Previous thinking has focused 

on metacognitive and attentional processes without addressing the role of executive 

functions per se (e.g., Brick, MacIntyre et al., 2016). Cross-sectional comparisons of 

sport types have not presented a compelling case for the importance of cognition to 

sporting success (e.g., Krenn et al., 2018), however more pointed research has 

observed greater inhibitory control (Cona et al., 2015) and resistance to mental 

fatigue in trained athletes (Martin et al., 2016), and better optimized pacing in line 

with adolescence development (Micklewright et al., 2012). Therefore, more 

prospective study designs are needed to assess the predictive power of cognition to 

endurance performance success (Kalén et al., 2021), which could be a highly 

valuable new tool for talent ID programs. Indeed, recent research has called for talent 

ID programmes to consider self-regulatory skills (Elferink-Gemser & Hettinga, 

2017). Moreover, there is some early evidence that endurance and mental fatigue 

training improves exercise tolerance (Marcora et al., 2015), therefore the training of 

executive control could be a new frontier for athletes to gain an advantage over 

opponents, but more research is needed.  

In Chapter 4, the first comprehensive review into PFC measurement via 

fNIRS during self-paced performance revealed the importance of cerebral oxygen 

availability to aerobic exercise performance, with working capacity reduced under 

conditions of hypoxia (Bourdillon et al., 2014) or bolstered under conditions of 
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hyperoxia (Nielsen et al., 1999). By extension, further research has shown some 

positive effects on performance through dietary interventions to enhance cerebral 

oxygenation (Fan et al., 2018; Shannon et al., 2017) and PFC transcranial direct-

current stimulation (tDCS; Machado et al., 2019), however evidence is limited at this 

nascent stage. Of greater relevancy here, research has also taken a more 

psychological approach by assessing the manipulation of exercise task demands on 

pacing behaviour and PFC activity. PFC activity has been observed to reflect the 

anticipatory processes driving pacing, with cortical changes observed dependent on 

end-point knowledge (Radel et al., 2017; Wingfield et al., 2019). Moreover, PFC 

activity correlated with workload (i.e., PO) feedback only when this was presented to 

participants (Wingfield et al., 2018). These findings have important theoretical 

implications for our understanding of the importance of the PFC to pacing, which in 

turn holds value for applied practice. For instance, cerebral haemodynamic 

measurement could be used to investigate the brain related mechanisms responsible 

for the effectiveness of self-regulatory interventions. Indeed, research has observed 

changes in affective response and the frontal cortex through using imagery during 

exercise above the ventilatory threshold (Tempest & Parfitt, 2013). If mechanisms of 

intervention effectiveness are established, interventions can be fine-tuned to target 

these mechanisms, possibly enhancing their effectiveness (McCormick et al., 2015). 

Consequently, it should hold that such neuropsychological evidence adds weight to 

dissemination efforts with relevant stakeholders in applied sport settings.  

One way of maximizing our understanding of the neuropsychology of pacing 

is to ensure best-practice use of fNIRS technology concerning both data capture and 

analysis methods, also subject to review in Chapter 4. Across the 17 reviewed studies 

using fNIRS during self-paced exercise, most adopted commonplace and feasible 

best practice guidelines, including collecting baseline data and measuring both 

oxygenated haemoglobin (O2Hb) and deoxygenated haemoglobin (HHb). 

Conversely, only one study reported efforts to address data artefacts, which is widely 

adopted in established domains of fNIRS use (Orihuela-Espina et al., 2010). In a 

field relatively new to adopting the technology, it is especially important that 

researchers set a high standard for work that succeeds their efforts. In addition, only 

10 of 17 studies specified a region or regions of interest, and no studies made 

specific hypotheses concerning the function of the PFC in performance regulation. 
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Such efforts are needed if we are to test theories such as hypofrontality (Dietrich & 

Audiffren, 2011) and lateralization (Ekkekakis, 2009). Moreover, research in sport 

and exercise science has typically used relatively small samples of participants 

(Schweizer & Furley, 2016), therefore, it is crucial that data derived from such 

studies is valid and reliable. Finally, from personal experience, conducting fNIRS 

exercise-based research and adhering to all the above practices in a safe and effective 

manner is challenging for a single researcher to undertake. Therefore, for future 

research, it is worth considering the complexity of the project and the resources at 

hand. If such considerations and best practice guidelines are adopted, fNIRS holds 

real promise as a tool for increasing our understanding of the psychology of 

endurance performance. 

The research outlined above inspired the experiment presented in Chapter 5. 

This case study sought to examine the influence of feedback provision and course 

knowledge on cycling TT performance over a realistic, race-like simulation with an 

undulating course. These sources of information were sequentially removed from 

subsequent TT’s completed in the hope of understanding their importance in 

absentia. When no feedback was provided, TT performance was slower and more 

conservative pacing was adopted during the climbing sections. Although previous 

research has examined feedback effects on endurance performance (Borg et al., 

2020; Micklewright et al., 2010; Smits et al., 2016), this study was unique in doing 

so using a challenging hilly course that is more reflective of real-world road cycling, 

and therefore more demanding of self-regulatory resources. Higher O2Hb and total 

haemoglobin (tHb) values were observed in the partially and fully blinded TT’s in 

several prefrontal areas, possibly indicating a greater engagement of the PFC to help 

regulate performance in the absence of feedback. However, given that limited 

research has investigated PFC haemodynamics and feedback blinding or deception 

(Wingfield et al., 2018, 2019), interpretation of the findings in reference to the 

current evidence base is limited. Hence, an expansion of this case study into a full 

experiment is warranted to help grow our understanding of the PFC and its 

contribution to endurance performance, and how this information can inform 

psychological strategies or ergogenic means. Possible future directions for research 

involving cognition and fNIRS are summarised in Table 7.1. 
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Self-Regulation in Real-World Settings  

The preceding chapters have outlined the importance of self-regulatory 

capacities to endurance performance. To achieve this, studies have typically used 

controlled laboratory experiments such as those presented in Chapters 2 and 5. 

However, the cognition, attentional focus and decision-making processes captured in 

contrived, laboratory-based experiments may differ to those observed in applied 

settings. Therefore, the primary objective of this chapter was to bring together 

relevant measures of self-regulation and cognition to explore their contribution to 

endurance training and performance in real-world settings. To accomplish this 

objective, endurance performers were recruited to complete a series of state- and 

trait-based self-report measures via an online survey prior to and following an 

endurance training session of their choice.  

The findings revealed that state-based self-control loss was significantly 

higher post-training versus pre-training levels, aligning with findings from motor 

control research (Englert, Dziuba, Giboin, & Wolff, 2021; Englert, Dziuba, Wolff, & 

Giboin, 2021). Training load, fatigue, and task frustration were predictive of self-

control losses post-training, highlighting possible affective and fatigue-related 

mechanisms. Therefore, future research to explore self-control losses in endurance 

sport training and competition, and how fatigue and affective states may contribute to 

this, is warranted. If self-control loss has deleterious effects on performance (Hunte 

et al., 2021), for instance, on the point of volitional exercise termination (Robertson 

& Marino, 2016), interventions to reduce the impact of perceived fatigue and 

improve affective regulation hold promise in preserving self-control capacities in 

applied settings.  

Following on, trait self-control negatively related to spontaneous mind-

wandering tendencies during training. Furthermore, this finding was reinforced in 

practice, as mind-wandering positively related to task-unrelated focus during 

training. This suggests a possible link between self-regulatory capacities and 

attentional control, aligning with previous work linking working memory with mind-

wandering during training among runners (Miś & Kowalczyk, 2021). From an 

applied perspective, greater attentional control and emotional regulation would be 

advantageous to avoiding aversive states that negatively affect performance, ranging 

from boredom (Velasco & Jorda, 2020) to choking (Hill et al., 2010). This may have 
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been evidenced in this research, as participants scoring higher in trait self-control 

reported greater enjoyment and interest in their training. Therefore, research 

investigating attentional control and mind-wandering states, and how they may relate 

to affective experiences and performance, is needed. As with the TA research above, 

this work will need to reflect real-world sports training and competition, whether this 

is achieved through further field work or technology (i.e., virtual reality). 

The nature of training would also appear to impact attentional and 

motivational processes. A greater on-task focus and importance of training was 

reported for high- versus low-intensity training. This finding is reinforced by those 

presented in Chapter 2 highlighting that cyclist’s thought processes largely revolved 

around performance feedback and self-regulatory efforts. This is hypothesised to 

reflect goal-directed cognition to regulate or sustain exercise under high workload 

(Robertson & Marino, 2016). Conversely, at lower intensities, the greater voluntary 

control of attentional focus (Hutchinson & Tenenbaum, 2007) may explain the lower 

reported task-focus observed. These conditions may be antecedents to boredom and 

subsequent aversive events (Weich et al., 2022). Although research has investigated 

attentional focus strategies on performance (e.g., Schücker et al., 2016), little 

research has explored the unique demands of endurance training (e.g., repetition) on 

attentional focus (e.g., off-task focus) and its effects (e.g., boredom and its 

implications), so future work could explore this.  

As demonstrated in this research, online and remote methods provided an 

opportunity to explore the psychology of endurance performance in naturalistic 

training settings. However, these methods present several challenges to data 

collection, most notably here, a high drop-out rate between the pre- and post-training 

surveys. To better manage these limitation in future investigations, measures can be 

adopted to minimise participant attrition. For instance, providing sufficient details 

regarding study demands (Zhou & Fishbach, 2016) and the inclusion of periodic 

reminders of survey instructions (Sauter et al., 2020). Such research designs present a 

valuable opportunity to collect larger sample sizes than typically observed for 

experimental work in sport and exercise psychology (Schweizer & Furley, 2016). 

Moreover, if conducted with appropriate rigour, this should not come with undue 

costs to the quality of data collection. Therefore, online and distance methods hold 
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great promise for future research, with ideas suggested above and summarised in 

Table 7.1.  

Personal Reflections  

Although I have reflected on the research conducted above, I will dedicate 

this brief section to some personal reflections that will help me moving forward, and 

may also help other postgraduates in a similar position. The first thing I would like to 

reflect on is the skills I have developed along the way. This includes the ability to 

conduct mixed methods psychophysiological research in a sports setting, alongside 

the ability to analyse, interpret and explain the data produced. Coming from a 

background in psychology, acquiring these new skills in a partly new field was a 

substantial learning curve, but one I am proud to have endured. Likewise, I have also 

improved my writing skills to better summarise and synthesise my research in a 

concise fashion. These skills will be invaluable for me as I move on to the next 

chapter of my academic career. 

Following on, completing this PhD has shaped my overall approach to 

academia. Coming into the process, I was very meticulous and a little idealistic with 

what I would like to achieve. In being so, I underestimated the challenges that 

conducting research at this level would present. This is all without considering truly 

unforeseen events, such as a global pandemic. Although I still hold myself to high 

standards, I have developed a more stoic and pragmatic approach that has helped me 

problem-solve more effectively and adjust to setbacks more resiliently. I believe this 

approach was needed when the pandemic forced a shift in plans from an 

experimental approach to research that could be conducted in the field. Relatedly, 

through my studies, I have become more cognizant of the need to separate my studies 

and work from the rest of my life and the other things I care about. There is no 

panacea for establishing the optimal work-life balance, but putting time aside for 

family and friends, and to exercise, read, or to listen to my favourite albums all 

certainly helped. 

Conclusion  

This thesis has used and scrutinised the capacity of new methods and 

measures to help develop our understanding of pacing behaviour. Firstly, in Chapter 

2, TA as a means to capture endurance performer’s thought processes was subject to 
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scrutiny and was observed to not unduly interfere with exercise performance. 

Therefore, insights gained concerning performer’s cognitions could be used in good 

faith for the development and tailoring of psychological interventions by 

practitioners, athletes, and coaches alike. In Chapter 4, fNIRS as a means to measure 

cerebral haemodynamics during self-paced endurance performance was compared to 

established best-practice guidance, highlighting gaps in adherence to ensure data 

recording and analysis integrity. This adherence will be vital to maximising 

confidence in findings from this body of literature, including the research presented 

in Chapter 5. Moreover, this body of literature has observed cerebral oxygenation to 

be a limiting factor on exercise performance (Chapter 4) and the PFC to be important 

to the self-regulation of endurance performance and pacing (Chapters 3 & 4). 

Finally, in Chapter 6, a broader perspective was adopted to explore self-regulatory 

processes and how they relate to cognitive, affective, and motivational processes 

during real-world endurance training. This remotely conducted research highlighted 

the relationship between novel measures of self-control capacities and attentional 

control during endurance performance, with the potential for future work to use these 

methods and measures to answer more clearly defined working hypotheses. 

Collectively, this thesis lends support to new and developing methods in the shape of 

TA and fNIRS, and applied research using novel measures to further our 

understanding of the self-regulatory processes underlying the pacing of endurance 

performance. 
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Supplementary Materials  

Item 1. A Screenshot of the Racermate Visual Screen Display. 
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Item 2. Think Aloud Practice Exercises Script 

Task 1. “As part of this research, we are interested in capturing the thought 

processes of endurance performers. Thus, for one cycling time-trial to be completed, 

you will be instructed to think aloud whilst doing so. Think aloud requires a 

concurrent verbal report of your thought processes. To follow your thoughts, we 

would like you to verbalize everything that passes through your head. Do not try and 

explain anything, pretend there is no one here but yourself. The key thing is to think 

aloud constantly.” 

“I have some exercises for you to complete. Please try and think aloud, as described, 

as you work through completing the tasks”: 

(a) Math problem: “I would like you to think aloud as you multiply 19 by 6 in 

your head.”  

(b) Anagram: “Now I would like you to solve an anagram. I will show you a card 

with scrambled letters; it is your task to find an English word that consists of 

all the presented letters.”  

KORO = ROOK 

NPHEPA = HAPPEN 

CKHNCIE = CHICKEN 

(c) Naming/free association task: “Now I would like you to think aloud as you 

name twenty different animals. Simply verbalize what passes through your 

mind as you name them.” 

Extra practice trials, if deemed necessary: 

(d) “What animals would you expect to find in a zoo?” 

(e) “What is the sixth letter before Q in the alphabet?” 

Task 2. “I would like to you to practice using think aloud, as described, during 

exercise before participating in the TA time-trial.” 
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Item 3. Secondary Theme Selection  

Secondary themes were selected on theoretical premises reinforced by 

empirical research. Secondary themes analysed were distance, intentional distraction, 

involuntary distraction, motivation, pace (pace, increase pace, and decrease pace 

verbalizations combined), pain, and power output (PO). Firstly, distance covered and 

end-point knowledge are key sources of feedback used to optimize pacing according 

to popular models of endurance performance (e.g., the central governor model: 

Noakes, 2004; the psychobiological model: Marcora, 2010). Following on, research 

has suggested that motivation can be boosted by self-talk to improve cycling 

performance (Barwood et al., 2015). Moreover, awareness of pacing and the self-

regulation of effort are encapsulated by metacognitive frameworks of endurance 

performance (Brick, MacIntyre, et al., 2016) and propositional work arguing for the 

importance of executive control in self-regulating effort (Hyland-Monks et al., 2018). 

The usage of PO feedback to gauge effort is related to pacing and motivational 

thought processes (Whitehead et al., 2018) and top-down executive control at the 

neuropsychological level (Wingfield et al., 2018). Finally, intentional and 

involuntary distraction were included as research has highlighted an external-to-

internal shift in focus as exercise intensity increases and interoceptive cues (e.g., 

muscular pain) become more salient (Hutchinson & Tenenbaum, 2007). In 

conjunction with the above, thought processes in a positive and negative affective 

state were analysed as the reticular-activating hypofrontality model (Dietrich & 

Audiffren, 2011) points to a downregulation in brain areas involved in higher-order 

cognition (i.e., the prefrontal cortex) to regions more important for the control of 

movement during exercise. Consequently, top-down regulation, and therefore 

regulation of pace is possibly compromised when exercise intensity increases above 

the ventilatory threshold. The ventilatory threshold is suggested to be the point at 

which affective state transitions from being positive to negative (Ekkekakis et al., 

2011). 
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Item 4. Mean (SD) Flanker Task Reaction Time and Accuracy by Stimuli, Session, 

Trial, and Trained Status. 

Reaction time (ms) 
ET Non-ET 

No TA TA No TA TA 

Congruent 
Pre 393.29 (30.36) 388.43 (29.07) 400.00 (70.73) 389.98 (60.63) 

Post 362.78 (22.96) 374.89 (29.08) 374.88 (52.62) 380.10 (67.61) 

Incongruent 
Pre 450.49 (29.57) 447.56 (29.10) 457.93 (63.41) 446.12 (63.06) 

Post 420.13 (13.12) 424.14 (18.54) 428.71 (48.08) 431.95 (58.65) 

Neutral 
Pre 394.35 (28.10) 394.03 (28.29) 398.34 (61.32) 389.29 (56.35) 

Post 367.53 (20.14) 377.30 (24.42) 378.81 (50.62) 377.10 (63.51) 

Accuracy (%) 
ET Non-ET 

No TA TA No TA TA 

Congruent 
Pre .996 (0.011) .996 (0.011) .984 (0.035) .993 (0.014) 

Post .993 (0.014) .994 (0.018) .984 (0.035) .981 (0.042) 

Incongruent 
Pre .951 (0.030) .966 (0.032) .909 (0.131) .920 (0.092) 

Post .965 (0.025) .939 (0.042) .921 (0.094) .925 (0.072) 

Neutral 
Pre .993 (0.014) .990 (0.019) .981 (0.042) .981 (0.042) 

Post .993 (0.014) .989 (0.016) .974 (0.052) .980 (0.035) 

Note. Reaction time represents correct responses only. ET = endurance trained, Non-ET = 

non-endurance trained, No TA = No Think Aloud, TA = Think Aloud.  

 

 

 


