Does self-paced exercise depend on executive processing? A narrative
review of the current evidence

Darias Holgado ' & Daniel Sanabria '

' Mind Brain & Behavior Research Center,

*Departamento de Psicologia Experimental, Universidad de Granada, Espaiia.
Corresponding Author

Mind Brain & Behavior Research Center

Universidad de Granada

Campus Universitario de Cartuja s/n

18011 Granada (Spain)

Telf. : +34 958247875

dariashn@ugr.es

Orcid: 0000-0003-3211-8006

Twitter: @DariasHolgado/ @SanabrialL.ucenaD

This is a post-print version of the manuscript accepted for publication in the International Review

of Sport and Exercise Psychology.

For citation: Holgado, D., & Sanabria, D. (2020). Does self-paced exercise depend on executive

processing? A narrative review of the current evidence. International Review of Sport and Exercise

Psychology. https://doi.org/10.1080/1750984X.2020.1774915



Abstract

Self-paced exercise is any physical activity in which the effort has to be distributed over time in order
to achieve the objective of the event. Hence, self-paced aerobic exercise is a goal-directed behaviour
towards an objective that involves several cognitive processes. The aim of the present review is to ask
the extent to which self-paced exercise might rely on executive functions and the empirical evidence of
top-down processing on self-paced exercise. We discuss the evidence from different experimental
manipulations showing a potential link between self-paced exercise and executive processing. We
finally highlight some gaps in the literature and possible factors that might mediate the role of executive
processing and self-paced exercise. Self-paced exercise is likely to be a highly complex process, in
which a multitude of factors non-related to executive functions can also contribute to the ultimate

decision to upregulate or downregulate exercise intensity.
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1. Introduction

Self-paced exercise, like running a marathon, refers to any physical activity in which the effort has to
be distributed over time, in order to achieve the objective of the exercise. In a marathon, for instance,
this would correspond to completing the set distance as fast as possible. Other cases exist in which
athletes are expected to complete the greatest possible distance in a given time as in the cycling “Hour
record”. In all cases, it is of the essence to complete the set goal without reaching premature exhaustion
(Edwards & Polman, 2013). During such self-paced exercises, athletes have to continually process
information from a myriad of internal (e.g., heart rate) and external (e.g., kilometer markers in a
marathon road) inputs in order to achieve an optimal level of performance (Renfree et al., 2014). Self-
pacing requires an individual to control and monitor the afferent feedback from the muscular and
cardiopulmonary systems to various brain structures, which may affect directly or indirectly effort
regulation (Roelands et al., 2013). Once this information is processed, athletes have to make continuous
decisions to adapt the pace according to the demands of the event and remaining distance to cover or
duration (St Clair Gibson et al., 2006). Moreover, athletes choose their pacing strategy based on the
objective of the event as well as their previous experience. Greater experience should facilitate the
choice of the adequate strategy (Brick et al., 2015). Therefore, self-paced exercise heavily rests on goal-
directed behavior, given the requirement to adequately distribute effort over time to avoid premature
fatigue. It may be argued then that executive processing would play a pivotal role in such goal-directed

behavior.

Executive functions refer to a series of interrelated top-down processes which are needed for behavioral
control, from selecting to monitoring behaviors in the service of goals achievement (Diamond, 2013).
There are several frameworks related to the main components of executive functions (Friedman &
Miyake, 2017), but, for this review, we have adopted the framework proposed by Diamond (Diamond,
2013; Diamond & Ling, 2019). According to this model, executive functions are composed of three
core components: working memory, inhibitory control and cognitive flexibility (Diamond, 2013).
Working memory involves the storage of information for a short period of time after it has been
experienced. It is also at play when translating instructions into action plans or updating one’s plan as
one calculates or considers other alternatives. Inhibitory control is crucial to stop automatic behaviours,
as when a tennis player has to avoid making a particular movement automatized after years of practice
while trying to ameliorate his/her service, or when a pro cyclist who is used to reacting all opponent
attacks in the final climbs has to refrain from leaving the peloton to comply with the team instructions.
Inhibitory control is also central to selecting among many different possible choices the best memory
representations, as when choosing the correct “breakaway” in a cycling peloton. Indeed, inhibitory

control can be exercised at different levels, from self-control and discipline (inhibition at the level of



behavior), to concentration and attention (suppression of unattended perceptual information) to
cognitive inhibition (inhibition of thoughts or memories) (Diamond & Ling, 2019). Finally, cognitive
flexibility corresponds to the ability to switch between goals or modes of thinking, as when switching
between tasks or considering multiple alternatives in a complex situation (e.g., a cyclist decides to wait
for the team leader -with the goal of minimizing his/her loss of time - when in the front race with the

goal of winning the stage).

This review asks the extent to which self-paced exercise engage and rely on executive functions. First,
we briefly describe the current models put forward to explain the role of executive functions in self-
paced exercise. Second, we summarize the role of executive functions on self-paced exercise. We then
discuss the empirical evidence from experimental manipulations with an eye toward possible causal
links. Some studies have manipulated, before or during exercise, aspects of executive functions such as
attentional focus, mental/cognitive fatigue and cognitive load to measure the impact on self-pacing.
Other studies have asked whether self-paced exercise performance would be improved if executive
functions were enhanced, whether through pharmacological drugs, brain stimulation, or cognitive
training. Taking stock of the available literature, we argue for the role of executive functions in self-

paced exercises.

2. Current models on the role of executive functions on self-paced exercise

The current models on self-paced exercise have focused mainly on the neural basis of this goal-directed
behaviour, with a particular interest in the prefrontal cortex (although there is little empirical evidence
on this matter). The prefrontal cortex might indeed play a key role on self-paced exercise (Billaut et al.,
2010), given its interconnection with other brain areas such as the anterior cingulate cortex and
orbitofrontal cortex (Aron et al., 2007), premotor cortex and supplementary motor area, involved in the
processing of sensorimotor information (Lutz, 2018). Robertson and Marino (2016) have proposed that
the prefrontal cortex may act as a control structure which integrate information encountered during
exercise, both centrally and peripherally, exerting a top down control (Robertson & Marino, 2015). The
prefrontal cortex would be responsible for integrating afferent signals provided by the anterior cingulate
cortex and the orbitofrontal cortex, which have been related to motivational and emotional processing
(Pollatos et al., 2007). Once these signals are integrated, the prefrontal cortex would respond
consequently by increasing, decreasing or maintaining exercise pace, or ultimately stopping the exercise
(Robertson & Marino, 2015). Therefore, the costs and benefits analysis central to self-paced exercise
would be mediated by the prefrontal cortex in concert with the anterior cingulate cortex and the
orbitofrontal cortex (Cohen et al., 2005). If the cost overcomes the benefits (e.g., higher discomfort or
risk of injury at the expense of better performance), inhibitory control over typical stopping mechanisms

will be lifted so that the exercise pace can be down-regulated (Hilty et al., 2011). Likewise, McMorris



and colleagues proposed a similar interpretation to that of Robertson and Marino’s model (McMorris et
al., 2018). They proposed that regulation of endurance exercise is based on interoception and
motivation, but, in this case, is the ventrolateral prefrontal cortex, which integrates the information from
the supplementary motor area and the premotor motor cortex, which ultimately sets whether to continue,
slow-down or stop the exercise. These authors also highlight the importance of the anterior insula cortex
that receives feedback from lamina I lateral spinothalamic and nucleus tractus solitarii medullo-thalamic
pathways during exercise (McMorris et al., 2018), which reacts to changes of exercise intensity and
perception of effort (Williamson et al., 1997). This feedback would be compared with the information

stored in the memory in order to generate a new current status of awareness.

Although these two models are conceptually appealing, they are supported by only a few studies, all of
which used externally-paced exercise instead of self-paced exercise. For example, Robertson and
Marino’s model (Robertson & Marino, 2015) is based on the report that EEG activity assumed to arise
from the dorsolateral and ventrolateral prefrontal cortex (note the poor spatial resolution of EEG) begins
to decrease when exercise intensity overcomes the ventilatory threshold. It was inferred that these brain
areas may exert a potential role on motor inhibition process. The authors argued that reduced brain
activity in top-down control areas may favour the processing of unwanted stimuli which in turn, would
lead to reduce the pacing or even stopping the exercise. Following the same logic, Enders and
collaborators (Enders et al., 2015) found an increased prefrontal activity which matched with onset of
force production and the transition from flexion to extension in the pedalling cycle. The authors
suggested that the supplementary motor area received inputs from the prefrontal cortex, with its
increased activation resulting in enhanced executive control, motor planning and execution (Enders et

al., 2015).

Executive functions are also relevant to the psychobiological model of endurance performance
(McCormick et al., 2015; Pageaux, 2014). This model emphasis five different cognitive factors related
to self-paced exercise: 1) perception of effort; 2) potential motivation; 3) knowledge of the distance/time
to cover; 4) knowledge of the remaining distance/time; and 5) previous experience of perception of
effort during exercise. The model suggests that to overcome fatigue, the prefrontal cortex should exert
inhibitory influences on the cingulate and insula cortices, both of which seem to be activated in
proportion to the degree of subjective physical and mental fatigue (Cohen et al., 2005; McCormick et
al.,, 2015). Therefore, according to the psychobiological model, the key variable on self-paced
performance is the perception of effort (Pageaux, 2014).

There are several psychological interventions supporting the psychobiological model of endurance
exercise (McCormick et al., 2015), but we are only aware of limited evidence supporting the neural
basis of this model, with all studies manipulating mental fatigue prior to exercise (see section 3.3 for

more discussion on this issue). For example, Brownsberger et al. (2013) and Pires et al. (2018) found



that cyclists with an induced state of mental fatigue presented an increased EEG brain activity in the
prefrontal cortex. In Brownsberger’ et al. study, twelve participants completed two consecutive self-
paced cycling exercises at RPE of 11 or 15, after completing a 90 min mental fatigue task or watching
a documentary. The authors found that participants produced less power output during the self-paced
exercise in the mental fatigue condition compared to the control condition, and it was related to a higher
beta activation in the electrode position F3 for the mental fatigue condition. The authors suggested that
the higher beta activation in F3 might be related to prefrontal activity. Meanwhile, Pires et al. (2018)
showed that a group of eight trained cyclists with an induced state of mental fatigue presented a higher
theta activation during a 20km cycling time trial than in the control condition. Moreover, cyclists in the
mental fatigue condition completed the 20km time-trial slower than in the control condition and the
authors suggested that increase theta power might reflect their lower ability to preserve adequate
inhibitory control and attentional allocation during exercise, which subsequently led to impaired
performance (Pires et al., 2018). These results, however, should be interpreted with caution, because of
he small sample sizes of these studies (less than 15 participants), the level of participants (recreational

athletes), and the fact that Pires et al. (2018) only placed one electrode to record EEG activity.

The Central Governor Model proposes that self-paced exercise is regulated by the central nervous
system to ensure that exercise terminates before there is a biological failure (Noakes, 2011). In this
model, the endpoint of the exercise is a known variable by which the central governor continually
manipulates self-pacing regulation. In a recent review, Venhorst et al. (2018) developed this theoretical
proposal arguing that self-paced exercise is based on a construct of three-dimensional categories. First,
perceived mental and physical strain are the main components of exercise which reflect the sensory-
discriminatory process necessary to match the planned objective with the physiological state. Second,
core affect has a mediatory role in the regulation of effort since its two dimensions, hedonic and arousal,
reflect behaviour of approaching or avoidance. Third, cognitive flexibility is of the essence to weigh
between further pursuit of the goal and goal disengagement, according to the boundaries set by

homeostasis.

Research into the neural basis of the mechanisms proposed by the Central Governor Model is, however,
in its infancy. A recent attempt comes from the study by Fontes et al. (2020), who showed selective
activity in brain areas associated with autonomic regulation (e.g., the left insular cortex) during an
incremental cycling exercise. For the authors, activation of the insular cortex would support the notion
of the Central Governor Model, because of its key role in monitoring the afferent feedback from the
cardiovascular system, contributing to the control of exercise to avoid biological failure. Moreover,
these authors also found a deactivation of the prefrontal cortex, that was interpreted as evidence of the
unconscious control to sustain the body homeostasis during exercise (since the activation of the
prefrontal cortex has been typically related to top-down conscious processing Ledn-Dominguez &

Leén-Carrion, 2019).



Finally, the Reticular-Activating Hypofrontality model of Dietrich and Audiffren (2011) is also worth
mentioning in this context. This model proposes that humans have a limited set of metabolic and
cognitive resources and when these resources are shared amongst several tasks, interference occurs
between them. Given that neural processing occurs in a competitive basis, the increasing activity in
some brain areas would be followed by a shift in the activity in other brains areas to allow the adequate
allocation of resources in those areas requesting more activity. They proposed that the shifting and
allocation of resources would vary mainly due to the type, the duration and intensity of exercise. This
model also highlights automaticity as a key factor for exercise regulation, since the more a task is
automated, the more resources would be available to allocate in different task-relevant aspects (Dietrich
& Audiffren, 2011). This model is relevant to understand the impact of executing two tasks at the same
time (i.e., cognitive load) and that of the expertise level of athletes, i.e., experts would have automatized
more aspects of the exercise task leaving more cognitive and metabolic resources available for other
secondary tasks.

In summary, notwithstanding the discrepancies on the main focus between these models of self-paced
(endurance) performance, all of them consider executive functions and the prefrontal cortex, its
associated neural mediator, as determinants for self-paced aerobic exercise. However, as we summarize
here, few empirical studies have tested the neural mechanisms of self-paced aerobic exercise. In
addition, we are still far from understanding the connection between brain areas recruitment and

exercise as it unfolds, let alone the possible mediating role of executive functions.

2.1. Role of executive functions on perceived exertion during self-paced exercise

The models described above agree in that self-paced exercise involves several cognitive processes, such
as perception and memory, as well as executive functions, such as inhibition and working memory
(Hyland-Monks et al., 2018; Jacobson & Matthaeus, 2014b; Smits et al., 2014). Stimulation from
internal organs (e.g., muscle, lungs, heart) and from environmental factors (e.g., competitors, public,
road surface) need to be processed and integrated requiring athletes to select relevant sources of
information and suppress potential distractions (Vickers & Williams, 2017). For example, based on
their breathing sensation, athletes can rate how they perceive a given physical effort (Johnson et al.,
2009). However, accurate perception of effort builds on a mental template that have been previously
defined through experience to avoid premature fatigue and maximize performance (Foster et al., 2009).
Indeed, athletes might perceive a given effort lighter or more strenuous depending on, not only the
exercise intensity and the estimated duration until ending the exercise, but also their prior knowledge
about these types of exercises (de Koning et al., 2011). A common measure of effort in exercise
performance is the rate of perceived effort (RPE). Briefly, RPE in sports might be described as the
cognitive feeling associated to physical effort (Pageaux, 2016) or the process of investing a given

amount of physical or mental resources out of the perceived maximum to perform a specific task



(Halperin & Emanuel, 2019). Importantly, RPE might be linked to several executive processes, such as

working memory, inhibition, self-control and attention (Taylor et al., 2018).

As we mentioned before, during self-paced exercise, athletes have to continuously update their initial
plan according to the current demands of the exercise. If the current performance is under or over the
desired goal, athletes will have to calculate or consider new alternatives, and switch motor plans
accordingly (Baron et al., 2011; Foster et al., 2009). In other words, when athletes assess their current

RPE, they rely on key executive functions of working memory, inhibition and cognitive flexibility.

The RPE also relies on inhibitory process related to the self-paced exercise (Verhoeven et al., 2011).
During self-paced exercise, the adequate management of sensation helps to achieve an optimal level of
performance, as the regulation of effort is associated with the ability to tolerate and inhibit discomfort
raised during exercise. Maintaining an exercise despite feeling fatigue or pain in some part of the body
(Verhoeven et al., 2011) and/or hard environmental conditions (Davies et al., 2016) implies that the
urge of stopping or reducing the exercise intensity must be inhibited (Audiffren & André, 2015;
Verhoeven et al., 2011). Therefore, inhibitory process, such as focused attention or self-control (Brick

et al., 2015; Diamond, 2013), help to regulate self-paced exercise.

We now turn to, arguably, the most widespread practice in the literature which is to look for
manipulations that have an effect on executive functions, with the end goal of measuring how exercise
performance may improve or worsen as a result of such manipulations. In the following section, we
summarize the evidence from experimental studies that aimed at investigating the influence of executive

functions over self-paced aerobic exercise performance.

3. Experimental manipulations affecting executive functions and self-paced

performance

3.1. Attentional focus

During self-paced exercise athletes have to allocate their attentional resources only toward relevant
stimuli from the myriad of inputs (internal and external) that reach the central nervous system. For
instance, when athletes adopt different focus of attention, they will mainly call upon inhibitory process
such as inhibition of thoughts, selective attention or self-regulation. Accordingly, attentional focus
during self-paced exercise has been a topic of interest for sport scientists (Brick et al., 2014). It has been
generally accepted that athletes can choose among two different attentional strategies - associative or
dissociative - along two separate dimensions of information - internal or external (Stevinson & Biddle,
1998). On the one hand, within the associative strategy, athletes can focus their attention towards

relevant aspects of the exercise, either internal (i.e., focusing on internal body aspect of the task such as



breathing, heart rate, etc.) or external (i.e., focusing on monitoring the competition such as pace, power
output, remaining distance, etc.). On the other hand, in the dissociative strategy, athletes divert their
attention to irrelevant aspects of the exercise, such as irrelevant daydreams or math puzzles (internal
dissociation) or in the scenery or other competitors (external dissociation). Interestingly, Brick et al.,
proposed a clearer framework to guide future research on this topic (Brick et al., 2014). They propose
that attentional focus during endurance activities should be considered under four dimensions: active
self-regulation, outward monitoring, internal sensory monitoring and distraction (either active or
involuntary). In this section, however, we will use the traditional framework (associative/dissociative),

since it has been the terminology used by the studies included here.

The logic of the attentional focus theory is that focusing on the task or diverting the attention away from
the task might affect (mainly) subjective indexes of exercise performance, and consequently affect
physical performance (Brick et al., 2014). For example, Connolly and Janelle (2003) in their first
experiment studied the effect of an associative versus dissociative strategy on self-paced rowing
performance. In the associative strategy, participants (n = 8) completed more distance than in
dissociative strategy, although there was no difference in RPE levels between conditions. In their second
experiment, they tested the two dimensions of associative and dissociative strategies with respect to
internal or external information. In five separate visits, participants completed a 2000m self-paced
rowing exercise using internal/external associative or dissociative strategies and a baseline condition
(Connolly & Janelle, 2003). An associative strategy (both internal and external), induced higher RPE
levels and better performance compared to the baseline condition during a self-paced exercise.
However, there were not differences between the internal dissociative condition and the external
dissociative condition when compared to the baseline condition or the two associative conditions. The
authors concluded that the higher RPE might be better explained by the better physical performance in
the associative strategy, rather than the associative strategy itself calling for further controls compared
to dissociative strategies. In terms of Brick et al.’s proposal (Brick et al., 2014), the active self-regulation

of effort may enhance endurance performance by optimizing the pace.

Williams et al. (2015) suggested that focusing attention on external aspects of a self-paced exercise
improves physical performance. Williams et al. used a cyclists’ avatar, which simulated a competitor
with higher power output than the participant at baseline, to reduce the internal associative focus during
a self-paced 16.1km time-trial compared to a neutral or no avatar condition. On average, participants (n
= 15) completed the cycling time-trial 1.4% faster and increased the average power output 2.8%
compared to the baseline. The higher performance was achieved by an altered pacing strategy (i.e., alter
self-regulation thoughts) throughout the time-trial, as the external (associative) focus might have
allowed athletes to reduce negative sensation of fatigue and pain (Williams et al., 2015). According to
the authors’ conclusion, the external focus helped to inhibit the rise in RPE during exercise since

participants paid less attention to the RPE. In a separate study, Williams et al. (2016) found that



enforcing a slower initial pace during the first 4km of a 16-km cycling time-trial reduced the internal
association focus compared to a fast or a neutral start. Although cyclists started slower than normal
pace, the positive psychological responses during the initial phase of the time-trial reduced the RPE,

but it did not affect the overall time-trial performance compared to fast and baseline start.

Robinson et al. (2018) asked nine active adults to match the 80% of a 3-min all-out test, during a 3-min
cycling self-paced exercise by using an internal associative strategy or external dissociative strategy.
They found that using an associative strategy, participants completed the test at their 75.9% of the
average power output obtained in 3-min all-out test performance, whereas with the dissociative strategy
participants were only able to achieve 70.9% of their performance. They argued that in novice
participants, distracting the attention from performance (i.e., active distraction) can slow down the
pacing, and therefore an internal (associative) focus strategy might help to maintain a more consistent

performance throughout a self-paced event (Robinson et al., 2018).

In conclusion, although the attentional focus during self-paced exercise might be of paramount
importance for exercise regulation and it is linked to executive functions, there are only a few self-paced
exercise studies (see Brick et al., 2014) in which the attentional focus has been manipulated externally
and the results are somewhat mixed. An associative strategy might increase RPE, but it might be
mediated by an increased performance (Connolly & Janelle, 2003; Robinson et al., 2018). Yet, a
external association strategy (i.e., outward monitoring) might improve exercise performance (Williams

et al., 2015) without increasing RPE (Williams et al., 2016), at least in more proficient athletes.

The role of inhibitory control in self-paced performance is highlighted by its key role in sustaining goal-
directed behavior and attentional focus (Brick et al., 2014). It is indeed important to acknowledge that
attentional focus is a dynamic process in which athletes might focus on different aspects of exercise
according to exercise intensity. For example, during low intensity phases of exercise athletes might
focus on task-unrelated cues (i.e., dissociation), but as the exercise intensity increases athletes would
allocate their resources more on task-related cues (i.e., association) which might help them to optimize
performance (Bigliassi, 2015; Hutchinson & Tenenbaum, 2007). Nonetheless, on the majority of the
experiments reviewed here participants are requested to perform their best, thus the exercise intensity
would tend to be high from the beginning and hence one would not expect a change in the attentional
focus. Moreover, previous experience in self-paced activities may also alter the nature of the optimal
strategy (see section 5 below). Finally, the exercise protocol might have some implication for regulation,
since distance-based exercise protocols seem less cognitively demanding than time-based tasks

(Chinnasamy et al., 2013).
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3.2. Cognitive load during self-paced exercise

There is a wealth of literature on the behavioural dynamics related to executive functioning during acute
exercise (Lambourne & Tomporowski, 2010; Ludyga et al., 2016). However, much less studies have
evaluated the extent to which self-paced exercise performance depends of cognitive load. Under the
umbrella of cognitive load, we refer to those interventions aiming to induce different levels of cognitive
(executive) load during a self-paced aerobic exercise. For instance, Epling et al. (2016) found that
performing a word recall task involving working memory while participants completed a self-paced
outdoor running exercise, increased the mental workload (measured with the NASA-TLX scale)
compared to running without performing any cognitive task. However, they did not find that the
cognitive task performed during a 5-min self-paced run affected the distance covered by the 12 athletes.
Likewise, Blakely et al. (2016) examined the impact of cognitive load (tone counting with two levels
of difficulty) on a group running on an even surface and on a group running on an uneven (trail) surface.
In Blakely’ study, participants reported higher mental workload and feelings of being mentally
exhausted with the more demanding cognitive task. Nonetheless, they only found a linear trend in both

groups for a worsening physical performance as cognitive task difficulty increased.

In contrast to the above-mentioned studies, Holgado et al. (Holgado, Zabala, et al., 2019) found that
performing simultaneously a n-back task, which involves working memory and inhibition, did not seem
to affect exercise performance during a 20-min self-paced cycling exercise in 28 trained cyclists. The
results of the study did not show enough evidence to support the idea that completing a challenging
cognitive task (2-back) compared to the less challenging task (1-back) affected the average power
output achieved. In addition, the results of the study showed that, despite the higher cognitive demands
of the 2-back condition, RPE was not affected by the cognitive load. Similarly to this finding, Daniels
and Newel (2003) did not find an increase in the RPE while participants completed a hard math task

during a self-paced running exercise.

Evidence of the impact of cognitive load on self-paced exercise also comes from the literature on gating
performance. Indeed, walking, when performed with a specific goal (e.g., to cover a given distance in
a certain amount of time) can be considered a self-paced exercise. For example, Malcolm et al. (2018)
found that increasing the cognitive load (using a go/no-go response inhibition task) while participants
walked on a treadmill modified the gait pattern during the more challenging task compared to the control
condition. In contrast, Schaefer et al. (2015) did not find that the cognitive load (2-back vs. 3-back)
affected walking patterns at a self-selected speed in healthy young adults. Although walking (gait)
exercise is beyond the scope of this review, these examples clearly reflect that the effect of cognitive

load in healthy adults in a less complex self-paced exercise, such as walking, is also not robust.
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In conclusion, the current evidence does not allow one to reach any firm conclusion on the effects of
cognitive load on self-paced exercise performance, as the published studies remain scarce and greatly
vary in the methodology. This being said, the current evidence does not support the idea that performing
simultaneously a challenging cognitive task during self-paced exercise impairs exercise performance.
As mentioned above and discussed below (see section 5), and considering the Reticular Hypofrontality
model (Dietrich & Audiffren, 2011), it is plausible that other factors, such as level of expertise, may

modulate or even mask the effect of cognitive load on self-paced exercise.

3.3. Mental fatigue before self-paced exercise

It is commonly believed that performing a long and challenging cognitive task involving executive
functions (e.g., inhibitory control, cognitive control, etc.) before exercise might increase the RPE in a
subsequent exercise due to an induced state of mental fatigue (Marcora et al., 2009). In this state of
mental fatigue, athletes would select a lower self-selected exercise intensity, as they would find it harder
to inhibit unpleasant stimuli related to successful exercise performance (Van Cutsem et al., 2017). It is
hypothesized that the state of mental fatigue is caused by an accumulation of adenosine within the brain
regions recruited by the demanding cognitive task (Martin et al., 2018). Adenosine might have two
effects: first it would increase the RPE and second, it would reduce motivation towards the exercise.
However, this hypothesis has not been tested in experimental studies yet and therefore, it remains
speculative whether RPE increases as a consequence of an accumulation of adenosine within active
regions of the brain (Martin et al., 2018). Note that RPE should not be interpreted in isolation, since no
change in RPE in the presence of a decreased performance (e.g., slower time or decreased power output)

might suggest an increased perceived exertion (Schiphof-Godart et al., 2018).

The literature on the effects of performing a challenging cognitive task before self-paced aerobic
exercise remains somewhat inconsistent and scarce. For example, Pageaux et al. (2014) found that
performing a 30 min inhibitory control cognitive task (Stroop task) induced a higher RPE and reduced
the physical performance on a 4km self-paced running exercise in 12 physically active participants
compared to performing the same exercise without the initial inhibitory task. Similarly, but using a 30
min sustained attention cognitive task before exercise, Pires et al. (2018) showed that the cognitive task
induced a higher RPE and participants needed more time to complete a 20km time-trial in a group of 8
recreational active participants in comparison to a control condition (seated for 30 min). However,
contrary to Pageaux et al. (2014), Penna et al. (2018) did not find that the same cognitive inhibitory task
affected the RPE in 16 highly trained swimmers, although it impaired their performance in a 1500m
self-paced swimming exercise. Likewise, Martin et al. (2016), using the same task and duration as in
Pageaux’s and Penna’s studies, did not find any effect of prior mental fatigue on the RPE levels of
professional cyclists (n = 11) and recreational cyclists (n = 9). However, the group of recreational

cyclists impaired their physical performance in a 20 min cycling time-trial, whereas no changes were
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shown in the group of professional cyclists. Martin et al. concluded that professional riders might be
more resilient to mental fatigue and have a superior inhibitory control (Martin et al., 2016). Contrary to
the findings of Martin’s et al. study, Clark et al. (2018) reported similar self-paced performance (6-min
cycling time-trial) after completing a fatiguing Stroop task or a neutral task independently of whether

participants were competitive cyclists (n = 10) or untrained (n = 10).

Other studies have induced mental fatigue through longer cognitive task. However, even longer
cognitive tasks do not seem to induce consistent detrimental effects on RPE or physical performance.
For example, Staiano et al. (2018) asked 13 young elite kayakers to perform a 60 min Stroop task before
a 2000m self-paced kayaking time-trial. Participants were indeed impaired in the self-paced exercise
(time to complete the 2000m) probably due to a higher RPE in the mental fatigue condition as compared
to the control condition. In contrast, Filipas et al. (2018) did not find that the same task and duration
affected RPE or physical performance in prepubertal kayakers’ athletes before completing a 1500m
time-trial. Performing the AX-CPT task, which involves sustained attention, working memory, response
inhibition, and error monitoring, for 90 min affected neither RPE nor physical performance on a sample
of 8 recreational cyclists before a 4km cycling time-trial (Silva-Cavalcante et al., 2018). In contrast, the
same cognitive task impaired 3km running performance on 20 recreational runners, even though

participants did not rate their RPE higher (MacMahon et al., 2014).

In summary, the above evidence points out that performing a cognitive task which involve executive
functions prior to self-paced exercise might at worse have a detrimental effect on RPE and self-paced
exercise performance, and at best no effect. The mechanisms underlying the possible negative effect is
certainly unclear (Martin et al., 2018), and the mixed results in the literature do not provide a strong
evidence to support a systematic detrimental impact of mental fatigue on self-paced exercise (Van
Cutsem et al., 2017). This idea has been supported by the results of recent meta-analyses. For instance,
McMorris et al. (2018) concluded that the effect of mental fatigue on exercise might be likely due to
random variations. Meanwhile, Holgado et al. (2019) showed a negligible effect of mental fatigue on
exercise performance when correcting for publication bias. As noted in Holgado et al., the funnel plot
asymmetry in Brown et al.’s meta-analysis (Brown et al., 2019) also points to publication or reporting
biases. Together with this potential publication bias, the results from the empirical studies should be
interpreted with caution for the following reasons: first, sample sizes are generally low (less than 20
participants) which may lead to overestimation of effect sizes; second, the experimental and control
conditions usually varied in several components, such as the duration of the interventions (Martin et al.,
2016) or performing a cognitive task versus doing nothing in the control condition (Martin et al., 2016;

Penna et al., 2018; Pires et al., 2018; Silva-Cavalcante et al., 2018; Staiano et al., 2018).
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4. Interventions to enhance self-paced performance by the effect on executive

functioning.

The proposal that executive functions have a role in the self-regulation of endurance performance has
led some authors to hypothesize that enhanced executive functions would result in improved self-paced
aerobic exercise. In this section, we will discuss those interventions which may have the potential to
improve self-paced exercise performance by acting, directly or indirectly, on executive functions. These
interventions include, but are not limited to, cognitive training, non-invasive brain stimulation or

pharmacological substances (Enriquez-Geppert et al., 2013).

Whether cognitive training or brain stimulation, the logic of the existing studies is straightforward: any
change in areas associated with executive functions should affect self-paced exercise, to the extent that
self-paced exercise rely on executive functions. Thus, cognitive training in sport has been mostly
targeting those executive functions, such as working memory or inhibition, that should transfer to
enhanced sport performance in real-world situations (Walton et al., 2018). Yet, given that cognitive
training typically results in narrow transfer effect or improvements on the trained task with only limited
generalization to other tasks, the possibility that cognitive training improves a sport specific task, which
would be a typical case of broad transfer, remains controversial (Furley & Memmert, 2011). There is
some evidence supporting the idea that high-performance athletes from different sports perform better
in untrained executive functions tasks related to their sports (Krenn et al., 2018). Even if this is a topic
of great interest, there is not enough evidence showing a benefit in the opposite direction, i.e., a positive
effect of a cognitive training in self-paced exercise (Harris et al., 2018). The limited evidence to date
comes mainly from studies supported by commercial companies rather than from peer-reviewed ones
(Walton et al., 2018). Therefore, it seems too early to recommend cognitive training for athletes due to
the time-cost balance. Finally, connected to cognitive training, there is preliminary evidence that
suggests that the employment of active cognitive strategies during exercise might help to the regulation
of effort, or at least to reduce the perception of effort (McCormick et al., 2015). Although most of the
researches have employed externally-paced test, there is some rationale to think that self-regulation
(Wolff et al., 2018), cognitive reappraisal (Giles et al., 2018) or self-talk strategies (Hatzigeorgiadis et
al., 2011) might help athletes to better allocate their cognitive resources toward task-relevant aspects,

and subsequently improve endurance performance.

Transcranial direct current stimulation (tDCS) is the main non-invasive brain stimulation technique
used in Sports science in order to improve exercise performance. Although tDCS is branded as
enhancing executive functions, few studies have used self-paced exercise to test the effects of tDCS on
performance. Anodal tDCS applied over the left temporal cortex before exercise did not improve

performance compared to the sham condition in a 16km self-paced time-trial in male trained cyclists
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(Barwood et al., 2016). Stimulation of the left dorsolateral prefrontal cortex before a 20km time-trial in
healthy men (Simpson, 2017), and before a 20 min time-trial on male trained cyclists (Holgado,
Zandonai, et al., 2019) did not improve performance either. tDCS over the motor cortex before an 800m
swimming test also failed to enhance performance in elite triathletes (Valenzuela et al., 2018).
Moreover, stimulating the prefrontal cortex for 20 min did not elicit any change in oscillatory brain
activity either at baseline or during exercise (Holgado, Zandonai, et al., 2019). Hence, the current
evidence available does not support the claim that tDCS is able to improve self-paced performance.
Moreover, despite the general belief that tDCS is an effective tool to improve exercise performance, the
pooled effect size of the tDCS’ studies on objective and subjective measures of exercise performance
or muscle strength do not provide much evidence for its ergogenic effect. Indeed, the effect might be
mainly driven by studies with low quality and by publication bias (Holgado, Vadillo, et al., 2018;
Machado et al., 2018). As for the case of cognitive training, companies with commercial interests have

been promoting tDCS without solid evidence of its effects on exercise performance (Reardon, 2016).

Finally, it is worth mentioning that there has been a trend for athletes from all levels to use
pharmacological drugs (e.g., analgesics or opioids) or ergogenic aids (e.g., caffeine). Athletes might be
using these drugs in order to inhibit process related to exercise induced pain or discomfort and reduce
RPE (Holgado, Hopker, et al., 2018). Some of these pharmacological drugs are, for example,
paracetamol or tramadol. Paracetamol might inhibit pain sensation by decreasing the activation of the
anterior cingulate or prefrontal cortices, which are linked to executive functions and to pain and
cognitive/ affective processing. For instance, Mauger et al. (2010) found that paracetamol ingestion
increased the average power output and reduced the time required to complete a 16.1km self-paced
cycling exercise, although the RPE remained unchanged. Likewise, tramadol, might reduce the ability
of the brain to respond to sensory inputs by inhibiting serotonin and norepinephrine reuptake. It is
therefore possible that tramadol could improve exercise performance via its effect on central brain areas
associated with perception of effort, but at the expense of reducing sustained attention (i.e, the ability
to keep focused on a task over the time). Holgado et al. (Holgado, Zandonai, et al., 2018) conducted the
first study, to the best of our knowledge, to test the hypothesis that tramadol improves self-paced
performance. In their first experiment, they showed that tramadol allowed trained cyclists to achieve
greater mean power during a self-paced exercise without modifying brain electrical activity or RPE. In
contrast, in a second experiment aimed to replicate the first study and to test the hypothesis that tramadol
might have an effect on sustained attention during exercise, tramadol did not improve physical
performance or affect sustained attention at the behavioral level compared to the placebo condition
(Holgado, Zandonali, et al., 2018). These authors found, though, that tramadol caused a lower brain
activity (i.e., greater suppression with respect to the baseline) in the alpha frequency band linked to
stimulus processing (relevant to the task) in the condition of tramadol compared to placebo which might

suggest a detrimental impact of tramadol on stimulus processing. In contrast, another recent study found
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that tramadol did not affect physical, cognitive or motor function in trained cyclists (Bejder et al., 2019).
In Bejder et al.’s study, participant completed a a fatigue protocol (1h at 60 % of peak power) followed
by a 15-km time trail after ingesting tramadol or placebo. In sum, more research is warranted to establish
the effect of tramadol on self-pacing exercise at the physical, cognitive and brain levels. For further
discussion on the effect of pharmacological substance on exercise performance see the reviews by
Lundberg and Howatson (Lundberg & Howatson, 2018) and Holgado et al. (Holgado, Hopker, et al.,
2018).

Similarly, caffeine is a stimulant that blocks adenosine receptors and increases endorphin release.
Indeed, there is a wealth of studies supporting the benefit of caffeine for self-paced exercise (Grgic et
al., 2019). Caffeine might improve exercise performance by improving neuromuscular function and
vigilance and alertness. Moreover, it might reduce the RPE during exercise (Burke, 2008). Given its
ergogenic effect, caffeine might contrarrest the aforementioned negative effect, if any, of mental fatigue
on self-paced performance (Franco-Alvarenga et al., 2019; Van Cutsem et al., 2018). In the Franco-
Alvarenga et al.’s study (Franco-Alvarenga et al., 2019), participants ingested caffeine or placebo
immediately before a 40-min cognitive fatiguing task designed to generate a mental fatigue state and
prior to complete a 20km cycling time-trial. The results of the experiment showed that despite the
increasing sensation of mental fatigue, twelve trained cyclists improved their self-paced performance
(i.e, higher average power output and faster time in the time-trial) and reduced their RPE after caffeine
ingestion in comparison to the placebo condition. However, the prefrontal cortex activation remained
unaltered between conditions, so it is plausible that the reduced RPE and increasing affect and emotional
arousal during the time-trial explained the positive benefit of caffeine (Franco-Alvarenga et al., 2019).
For further discussion on the effect of caffeine on exercise performance, readers are referred to the

thereviews by Burke (2008), Ganio et al. (2009), and Grgic et al. (2019)

5. Level of expertise

There is some rationale to think that the level of expertise in a given skill might be fundamental to
explain the extent to which skills rely or not on the use of executive functions. It is plausible that through
deliberate practice many of the exercise skills or movements might be performed, for example, with
little or no reliance on executive functions (Smits et al., 2014). Given that the use of executive functions
is effortful and that cognitive resources are limited, exercise expertise would be valuable in reaching an
automatic mode in order to divert effortlessly resources where and when they are needed. According to
some models, learning new skills go through different stages (Schaefer, 2014). In a first stage,
movements are performed consciously by investing large amounts of cognitive resources. In the next
stage, movements are executed in a blend of aware and automatized control strategies. Finally, some

athletes reach an autonomous stage, in which cognitive resources are no longer allocated to the
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execution of movement, but resources are allocated to processing other task-relevant information.
Neuroimaging studies corroborate this idea, as prefrontal cortex activity is seen to decrease from the
initial phase of learning a new skill to once the skill becomes more automatized (Erickson et al., 2007;
Floyer-Lea & Matthews, 2005). These studies show that with increasing automaticity of movements,
control demands are reduced and activity in participating control brain areas decline (Erickson et al.,
2007; Floyer-Lea & Matthews, 2005). Hence, with a high level of automaticity, processes are more

efficient, rapid, smooth and require lower levels of control capacity (Debarnot et al., 2014).

Athletes with a higher level of expertise would therefore rely to a lesser extent on executive functions
while exercising. For example, when athletes achieve a high level of automaticity, movements are better
adjusted and require less energy expenditure and cognitive effort (Neubauer & Fink, 2009; Schmidt &
Lee, 2014). Experts might also require less cortical activity to perform the same task compared to
novices. For instance, Ludyga et al., (2015) found that cyclists with higher fitness level had less brain
cortical activity in beta band frequency in comparison to a group of lower fitness level cyclists, during
a 30 min submaximal cycling exercise below the ventilatory threshold. The authors speculated that the
reduced beta power and the higher alpha/beta ratio were due to fact that high fit cyclists were more
efficient and relaxed. We acknowledge that the exercise intensity in this study was fixed, and therefore
the results might not extrapolate to a self-paced aerobic exercise. Note also that higher fitness might not

directly be linked to a higher expertise in a physical exercise.

An example closer to self-paced aerobic exercise, as noted above, comes from the gait literature. There
is evidence that different steady state walking speeds do not considerably affect prefrontal activation
(Meester et al., 2014; Suzuki et al., 2004). As gait is a skill that has been automatized throughout life,
prefrontal activity (with respect to rest) remains relatively stable even at different comfortable speeds.
Similarly, experts’ athletes through deliberate practice over the years may have developed the ability to
execute their skill free of much frontal cortex participation for the movement they are executing, and
these resources might be employed for task relevant information and goal-directed self-regulation.
Although gait and many self-paced aerobic exercises might be considered similar tasks (i.e., cyclical
and continuous activities), we cannot directly extrapolate these results to these more complex self-paced

(higher intensity) exercises.

Interestingly enough, the study of Martin et al. (2016) described above, concluded that professional
cyclists showed better inhibitory control and were more resistant to the negative effect of a high mental
fatigue. In Martin et al.’s study, the group of professional cyclists did not display impaired performance
in a 20 min time-trial after completing a 30 min Stroop task compared to a 10 min seated control
condition. However, the group of recreational cyclists displayed impaired physical performance in the
mental fatigue condition and made more errors in the Stroop task. Likewise, Cona et al. (2015) found

that faster ultra-distance runner had better inhibitory control in a go/no go task than slower runner before
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an ultra-marathon running race. Furthermore, Jacobson and Matthaeus found that self-paced athletes
outperformed both externally-paced athletes and non-athletes in a task involving inhibitory control
(Jacobson & Matthaeus, 2014a), which supports the conclusion of Ludyga et al.’s study (Ludyga et al.,
2015) suggesting that high fit cyclists might have a better inhibitory control. In summary, it seems that
a better baseline inhibitory control would allow athletes to allocate their cognitive resources toward
task-relevant aspect of self-paced exercise, which ultimately would help them to improve performance
and reduce the perception of effort. Future studies should also compare whether it is also true that high

fit athletes have a higher inhibitory control during exercise.

Additional evidence for the influence of expertise level on the link between executive functions and
self-paced exercise comes from attentional focus strategy studies. For example, experts (or those
athletes with better performance), adopt different attentional strategies during self-paced exercise
compared to novice athletes. For example, Silva and Appelbaum (1989), found that top finishers in a
marathon race spent more time using an internal associative focus of attention compared with the slower
finishers. These observations are consistent with those of Morgan and Pollock (1977), who determined
that high-level performers runners also utilized internal associative strategy, whereas non-elite runners
appealed more often to an external attentional focus strategy. This is further supported by Stevinson
and Biddle (1998), as they found a correlation between the use of an internal dissociative attentional
focus strategy in non-elite marathon runners and “hitting the wall” in a marathon race compared with
those participants that they did not use primarily this strategy. They suggested that the internal
dissociation (i.e., focusing in internal aspect not relevant to the task such as daydreaming) is a hazardous
strategy to achieve an optimal level of performance during a self-paced event. Meanwhile Brick et al.
(2015) interviewed elite endurance runners, also reporting the predominant use of an internal associative
attentional focus strategy. Finally, the outcome of Ouvrard et al.’s (Ouvrard et al., 2018) study supports
Brick et al.’s findings, this time in a sample of French elite cyclists. They studied the relationship
between pacing strategies and attentional focus in elite cyclists during a time-trial championship. In the
sample of 9 elite cyclists, thoughts related to active self-regulation of the performance (i.e., internal
associative focus) or thought related to outward monitoring of the competition (i.e., external associative
focus) were correlated with an optimal performance during a 49.3km cycling time-trial corresponding

to the national championships.

In summary, the scant evidence suggests that skilled athletes could have automatized processes related
to effort regulation in their field of expertise and may need fewer resources to perform the same activity,
i.e., they might be more efficient at the time of processing stimuli (Ciria et al., 2019). Although there is
not much evidence on this, it is plausible that after many years of deliberate practice, expert participants
could have already automatized a pacing strategy (in their respective sports) and they would not require
to continuously use working memory capacity in order to update the initial plan (Daniels & Newell,

2003; Englert, 2017; Evans et al., 2016). Moreover, athletes involved in self-paced sports might have
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better inhibitory control (Jacobson & Matthaeus, 2014a), and hence they would be able to inhibit
thoughts unrelated to exercise performance, allowing them to invest more resources or to focus on other
relevant aspects of self-paced exercise (i.e., using an associative strategy). However, this issue remains
speculative, as studies which aimed to investigate the cognitive/neural factors related to experts and
novices only provide a snapshot of the two endpoints of a continuum (Debarnot et al., 2014).
Furthermore, although elite and non-elite athletes might differ in key cognitive processing, little is

known of the psychological characteristics of elite performance (Spindler et al., 2018).

6. Perspective

The present review identifies some gaps in the literature about the role of executive functions in self-
paced exercise. The literature from sports science hypothesizes that the prefrontal cortex plays a key
role in exercise, because when exercise intensity increases, brain activity in prefrontal areas increases
progressively until the ventilatory threshold; upon reaching this point, prefrontal activity appears to
decrease (Robertson & Marino, 2015, 2016). This reduction has been hypothesized to reflect a reduced
role of prefrontal areas in sustaining goal-directed behavior, and in particular in pacing one’s activity
when performing high intensities exercises (Robertson & Marino, 2016). However, this is a naive and
simplistic vision of brain function, since interpreting any prefrontal cortex involvement is further
complicated by the recurrent finding in cognitive neuroscience that prefrontal activity tends to diminish
as participants become expert at the performed skills. Therefore, rather than a single brain area or
determinant cognitive function having a key role on exercise regulation, an interconnectivity and
overlapping exist between different areas and cognitive functions which optimize the process of

exercise regulation.

It is fundamental to reaffirm at this point that self-paced aerobic exercise is likely to be a highly complex
process, in which a multitude of factors non-related to executive functions can also contribute to the
ultimate decision to upregulate or downregulate exercise intensity. Other brain areas via different
mechanisms have a role on exercise regulation. For example, brain areas related to interoceptive and
motivational process (e.g., the insula and anterior cingulate cortex) are linked to exercise regulation. On
the one hand, enhanced interoception (which entails the processing of body signals) in experience
athletes might give rise to a better perception of internal cues from peripheral body systems (e.g.,
muscular and cardiopulmonary; Faull et al., 2018). This implies that interoceptive abilities might
facilitate self-paced exercise regulation and to better tolerate fatigue. On the other hand, highly
motivated athletes might perceive temptations of stopping exercise as less salient stimulus, which makes
goal progress smoother (Taylor et al., 2018). This view implies that motivated athletes will see
performance-related discomfort as a less prominent barrier to successful performance, relative to

athletes less motivated or with less experience to assess these salient, negative stimuli.
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In relation to the role of the cognitive load during exercise, a key point to consider is the task
characteristics. For example, we consider crucial to include (at least) two conditions with different
levels of cognitive load to guarantee that any effect on exercise performance is a consequence of the
cognitive load and not due to the effect of performing a single task compared to dual-tasking. Moreover,
the presence of a single task condition without cognitive activity may result in a change in participants’
focus of attention, which in turn it might even be more mentally demanding. Furthermore, the duration
and difficulty of the cognitive task and exercise should be considered according to the expertise on the
physical test performed by participants. For instance, an athlete might self-regulate correctly for a Skm
race, but not for a marathon race even if she/he had a high level of fitness. In summary, self-paced
exercise is a goal-directed behavior that has been related to both bottom-up and top-down processing.
As such, self-paced exercise might be seen as an effortful cognitive task involving body motion that
places high demands on several brain areas related to emotional, motivational, interoception and
executive processing. Athletes with high level of proficiency or expertise are likely to process these
brain signals in a different way than less experienced athletes, but only if it is related to its field of
expertise (i.e., being a good at self-pacing in running do not guarantee being good at cycling). Therefore,
when we aim to study the mechanisms of self-paced exercise regulation in future studies, we should
consider the level of expertise (as well as the other factors mentioned in this review) for determining
the effect of these intervention which we have described in this review and for determining which brain

areas have a role of exercise regulation.

This research area is still in its infancy and greater efforts are needed to understand the role of executive
functions in self-paced exercise. Given that during self-paced exercise there is an apparent
interconnectivity between different areas and cognitive functions, we think that the field of sport science
and cognitive neuroscience should go hand in hand in order to properly advance in this research area.
Key points such as the level of expertise, interoceptive and motivational process, and length of the
protocol, should not be neglected when studying the role of executive functions on self-paced exercise.
Moreover, we advocate for greater methodological efforts in this field, such as a priori power

calculation, data sharing and pre-registration of studies to improve the credibility and reproducibility.
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