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Understanding and Interpreting the Effects of Prior Cognitive Exertion on Self-Regulation
of Sport and Exercise Performance

Everyone knows a person who never seems to falter when it comes to sport and exercise
performance. This could be the early morning riser that never skips a run, or the professional
athlete that always manages to give it their all until the final buzzer. Naturally, we often wonder
what it is that enables these individuals to consistently achieve their goals and perform to the best
of their abilities regardless of the circumstances. Self-regulation is a key facet underlying success
in many aspects of life including sport and exercise performance (Englert, 2016; Mischel et al.,
2011; Moffitt et al., 2011). But why is it that so many people fail to self-regulate their behaviour
in sport and exercise contexts? The cognitive demands we consistently face in society today may
contribute to our struggles in this regard (Sterelny, 2007). In this chapter we will discuss the
current state of self-regulation research in relation to sport and exercise performance with an
emphasis on the deleterious carryover effects of exerting cognitive effort prior to task
performance.

Self-regulation broadly refers to the processes of aligning a system’s current state with a
desired end state or goal (Carver & Scheier, 2001). Humans regulate their thoughts, emotions,
and behaviours continuously over the course of a day to maintain healthy diets, work and
academic performance, and regular physical activity patterns (Hofmann et al., 2012). For
example, striving to achieve a goal to exercise after work is an act of self-regulation (e.g.,
Buckley et al., 2014) that often requires resisting competing temptations such as watching
television or hanging out with friends. Self-regulation processes are also engaged when
performing various sport and exercise-based tasks including managing feelings of pain and

fatigue while running in order to achieve a desired time (Wagstaff, 2014) or ignoring distracting



fans when shooting a free throw (Englert et al., 2015). Thus, self-regulation is a broad process
that aids in goal achievement across a diverse range of behaviours.

Self-control, however, refers to conscious, deliberate, and effortful processes that aid in
the regulation of behaviour toward a desired end state or goal (Baumeister et al., 2007; Inzlicht et
al., 2020). Simply stated, self-control is engaged in the self-regulation process when an event has
the potential to direct our behaviour out of line with our broader goals. While the terms self-
regulation and self-control are often used interchangeably (e.g., Baumeister & Vohs, 2016),
others have suggested that self-regulation and self-control refer to distinct processes (e.g.,
Inzlicht et al., 2020), with self-control often subserving self-regulation. For instance, building off
the examples above, self-control would be specifically engaged when resisting temptations to
watch television and hang out with friends as well to ignore distracting fans and to cope with
feelings of fatigue in order to maintain pace during a run. In these instances, and many others,
self-control helps people self-regulate their behaviour. As such, self-regulation and self-control
are interrelated processes that allow people to achieve their goals and, ultimately, live healthier,
longer, and more prosperous lives (Baumeister et al., 1994; de Ridder et al., 2012; Mischel et al.,
2011; Moffitt et al., 2011).

Given the above, we use the term self-regulation throughout this chapter as it is a broad
term that encapsulates self-control processes in relation to sport and exercise performance.
Indeed, the physical outcomes we review refer to acts of self-regulation whereby researchers ask
participants to “do their best” (e.g., exercise for as long as they can, perform as many repetitions
as possible, hit as many shots as possible) which requires acute acts of self-control (e.g.,
inhibiting pain and fatigue in order to persist, resisting the temptation to quit, managing

distractions) to strive towards their overarching goal for the experimental session. Although the



importance of self-regulation for achieving various adaptive physical and mental health
outcomes is well understood, exerting self-regulation can be an effortful process and failures are
common (Baumeister et al., 1994). This observation led to the development and refinement of
several models and theories to help us understand why the prolonged exertion of self-regulation
often leads to lapses in subsequent attempts to exert self-regulation across an array of
behaviours, including sport and exercise performance.

In this chapter, we first review two of the most common models that have been used to
understand self-regulatory processes as they relate to sport and exercise performance. We then
discuss our current understanding of the effects of prior cognitive exertion on subsequent self-
regulation of sport and exercise performance. The next section highlights intermediary processes
that explain why sport and exercise performance is impaired following effortful cognitive
exertion, in addition to factors known to mediate and moderate this relationship. Finally, we will
close with briefly discussing future directions that will help improve the quality of this body of
research, our knowledge about how these effects unfold in daily life, and techniques that will
help us better understand the mechanisms underlying this relationship.

Models of Self-Regulation in Sport and Exercise

While research on self-regulation and self-control has garnered significant attention over
the last 50 years across the broader discipline of psychology, research dedicated to understanding
the importance of self-regulation for sport and exercise performance has only emerged within the
last decade or so. Indeed, pioneering research within the areas of sport and exercise psychology
(Bray et al., 2008) and exercise physiology (Marcora et al., 2009) has shown that exerting self-
regulation for a brief or prolonged period of time (i.e., through a cognitive manipulation)

negatively impairs subsequent physical task performance. The notion that performing a cognitive



task requiring self-regulation has negative carryover effects on sport and exercise performance
sparked considerable interest in this field of study (see Figures 1 and 2 and Tables 1a-c)*.
However, differences in the areas in which this question has been investigated —
psychology/sport and exercise psychology or physiology — has led to the emergence of two
distinct perspectives in which these findings are understood. Specifically, sport and exercise
psychologists have generally interpreted their findings within a resource-based model which
contends that performance is impaired due to a state of “ego depletion” (Englert, 2016). On the
other hand, exercise physiologists have interpreted their results within a motivation-based model
that argues performance is impaired due to state of “mental fatigue” (e.g., Marcora et al., 2009).
Despite similarities in study designs, cognitive manipulations (including their associated
symptoms), the resultant state following these manipulations (Pattyn et al., 2018), and tasks used
to assess a variety of sport and exercise-related performance outcomes, these approaches have
evolved for the most part in isolation.
--- Insert Figures 1 and 2 here ---
--- Insert Tables 1a-c here ---

Below we have provided reviews of the two models most commonly adopted to interpret

findings from studies that have investigated self-regulation of sport and exercise performance

following exposure to an initial task requiring effortful cognitive exertion.

1 Studies appearing in Tables 1a-c and Figures 1 and 2 adhered to the eligibility criteria and
search terms used by Brown et al. (2020) which reviewed studies that investigated the carryover
effects of cognitive exertion on physical performance without including any other manipulations
(e.g., motivational incentives, performance at high altitude). True control and experimental
conditions (i.e., the no manipulation conditions) were pulled from studies that included auxiliary
manipulations, although in some cases this was not possible, and these studies were not included
in these Tables and Figures. Some examples are included in the “Potential Mediators and
Moderators of Performance” and “Future Directions” subsections near the end of this chapter.



Strength Model of Self-Regulation

Self-regulation research within sport and exercise psychology has been informed largely
by the strength model of self-regulation (Baumeister et al., 1998; Baumeister & Vohs, 2016).
Given the observation that self-regulation failures are commonplace (Baumeister et al., 1994),
Baumeister and colleagues hypothesized that our ability to use (or exert) self-regulation is based
on a limited store of internal resources. That is, when self-regulation is used for a prolonged
period to regulate thoughts, emotions, or behaviours: it depletes this internal reserve of resources
leaving less resources available for subsequent acts of self-regulation. Baumeister and colleagues
introduced the term ego depletion to describe the altered psychophysiological state that is
brought on following the prolonged exertion of self-regulation. Ego depletion refers to “a
temporary reduction in the self’s capacity or willingness to engage in volitional action
(including controlling the environment, controlling the self, making choices, and initiating
action) caused by exercise of volition (Baumeister et al., 1998, p. 1253)”. Therefore, when
people are in a state of ego depletion, self-regulation failures are theoretically more likely to
occur.

Ego depletion has been commonly studied using either a dual task paradigm that requires
participants to perform two tasks in succession or a multiple task paradigm that requires
participants to perform three (or more) tasks in succession. In the dual task paradigm,
participants in the control condition perform an initial task that requires little (or no) self-
regulation to perform (e.g., freely able to eat candy), whereas participants in the experimental
condition perform a harder version of the task that requires a higher degree of self-regulation to
perform (e.qg., resisting the temptation to eat candy) and thus, induces a state of ego depletion

(e.g., Baumeister et al., 1998). Following the initial task, all participants then perform a task that



requires a high degree of self-regulation to perform (e.g., trying to solve an impossible maze or
puzzle) and the performance on this task serves as the outcome measure of self-regulation. If
self-regulation is based on a limited amount of resources, Baumeister and colleagues (1998)
assumed that participants in the experimental condition would perform worse on the second task
when compared to participants in the control condition as they had less self-regulatory resources
to drawn upon due to expending them on the first task.

In an illustrative example of the multiple task paradigm (Muraven et al., 1998, Study 1),
all participants completed an initial physical endurance task that required participants to hold a
wad of paper between the handles of a spring-loaded handgrip exerciser (i.e., by squeezing the
handles tightly) for as long as possible. All of the participants then watched a documentary for 3-
minutes. Participants in the control condition were simply instructed to watch the movie.
Participants in one experimental condition were instructed to increase their emotional response to
the movie as much as possible, whereas those in a second experimental condition were told to
decrease (or suppress) their emotional response to the movie as much as possible. Following the
movie, all of the participants performed another endurance handgrip task and the change in the
time they were able to persist holding the handgrip served as the outcome measure of self-
regulation. Participants in the experimental conditions were hypothesized to perform worse on
the second handgrip trial as they had less resources to draw upon following the emotion
regulation manipulation. Consistent with their hypotheses, participants who regulated their
emotions squeezed the handgrip for less time on the second handgrip trial when compared to the
first, whereas control participants’ performance remained relatively stable across trials.

Findings from Baumeister and colleagues’ early set of experiments seemed to support the

idea that self-regulation relies on a limited resource (Baumeister et al., 1998; Muraven et al.,



1998). That is, participants who initially exerted a high degree of self-regulation to control their
thoughts, emotions, or behaviours tended to perform worse on a subsequent test of self-
regulation (across an array of tasks) when compared to control participants who were able to
freely self-regulate themselves initially (Hagger et al., 2010). While this early work sparked
significant interest (over 600 studies) across many disciplines investigating an array of
behaviours associated with failures at self-regulation (e.g., aggression, impulsive spending,
alcohol and drug use), it was not until roughly a decade after the first handgrip study by
(Muraven et al., 1998) that studies drawing from theorizing within the strength model began
examining potential negative carryover effects of prolonged self-regulation exertion on sport and
exercise-related outcomes.

While Baumeister and colleagues were not necessarily interested in physical task
performance outcomes as they relate to sport and exercise behaviour, they recognized certain
aspects of these behaviours such as enduring physical discomfort or muscle fatigue also require
self-regulation and, in turn, task performance may be sensitive to ego depletion effects. In the
first controlled lab-based study to examine this idea, Bray et al. (2008) used a similar design to
Muraven et al. (1998) that involved two isometric endurance handgrip squeezes — but this time
using a calibrated handgrip dynamometer — separated by a cognitive self-regulation manipulation
(i.e., Stroop task; Stroop, 1935). Participants in the experimental condition performed a modified
incongruent version of the Stroop task, whereas control participants performed the congruent
version of the Stroop task. In both versions, participants were presented with lists of colour
words. In the congruent version, the text and the ink colour of the words were matched (e.g., the
word “yellow” was printed in yellow ink) and participants were asked to read aloud the word

presented (i.e., yellow). In the incongruent version, the text and ink colour of the words were



mismatched (e.g., the word “yellow” was printed in green ink) and participants were asked to say
aloud colour of the print ink (i.e., green) while ignoring the text for each word presented. In
addition, experimental participants were asked to override these general rules and read aloud the
printed text of each word presented in red ink (e.g., the word “yellow” was printed in red ink, and
so participants had to say “yellow” instead of “red”). Findings from Bray et al. (2008) replicated
initial work by Muraven et al. (1998) showing participants who exerted a high degree of self-
regulation to perform an incongruent version of the Stroop task (experimental condition)
persisted for less time on the second handgrip endurance trial (when compared to their first
endurance trial). In comparison, participants who completed the easier congruent version of the
Stroop task (control condition) did not show any decrements in performance on the second
endurance trial. Subsequent work has shown ego depletion effects across a range of aerobic,
resistance, and isometric tasks requiring physical endurance (see Table 1b) including cycling
(Martin Ginis & Bray, 2010), push-ups and sit-ups (Dorris et al., 2012), bench press and leg
extension (Graham et al., 2017), and wall-sits (Boat & Taylor, 2017).

Based on the notion that self-regulation resources are limited in nature, it is relatively
easy to understand how a prior act of self-regulation can negatively affect subsequent physical
endurance performance. That is, when in a state of ego depletion, people’s ability to endure pain
and fatigue is compromised and so they give up sooner. Furthermore research also suggests that
ego depletion negatively affects people’s ability to selectively regulate their attention
(Schmeichel & Baumeister, 2010). These findings led to work investigating ego depletion effects
across various motor-based sport and exercise-related tasks where attentional control is crucial
for successful performance (see Table 1b). For instance, ego depletion negatively affects dart

throwing accuracy (McEwan et al., 2013), sprint start reaction time (Englert & Bertrams, 2014)



and basketball free throw shooting accuracy (Englert, Bertrams, et al., 2015). In addition, even
controlling one’s exercise related thoughts using a popular sport and exercise psychology
technique (i.e., mental imagery) can also induce ego depletion and negatively affect aspects of
physical performance (Graham et al., 2014). Although most of the research examining ego
depletion effects has been conducted with young adults, ego depletion has also been shown to
negatively affect physical performance among older adults (Bray et al., 2011) and children
(Graham et al., 2018).

Taken together, ample research shows that prior exertion of self-regulation negatively
affects physical performance across a diverse range of sport and exercise-related tasks and age
groups. Based on the strength model, researchers have generally assumed that these performance
decrements are primarily due to self-regulation resources being depleted on the first task leaving
less resources available to draw upon on the second task. However, this is still an assumption as
researchers have struggled to identify where these resources manifest in the human body and
how to properly measure them. In turn, much debate and concern has evolved over the
application of the strength model when examining the aftereffects of self-regulation exertion on
physical performance.

Considerations and Pitfalls. Support for the strength model comes from over 300
independent studies among the broader psychology literature showing initial self-regulatory
exertion impairs self-regulation on a subsequent task (Dang, 2018). Of particular relevance to the
present chapter is that these effects have been observed across a variety of physical tasks in over
50 studies involving participants of different ages and expertise levels (see Tables 1b and 1c).

However, evidence in the broader ego depletion literature has since emerged that is incompatible
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with a resource-based account of self-regulation, bringing the strength model into question
(Beedie & Lane, 2012; Molden et al., 2012).

While the strength model provides an intuitive explanation often likened to muscle
fatigue for why ego depletion occurs, research has identified three primary concerns that
challenge this model. Perhaps the most concerning issue that has been raised surrounds the
proposed underlying depletable mechanism. Despite an abundance of research attempting to
uncover a biologically based “resource” (e.g., Gailliot & Baumeister, 2007), the origin as well as
methods to measure or operationalize the state of the resource outlined within the strength model
of self-regulation remains unknown (Friese et al., 2019). Given that a central resource is
identified as the mechanism driving these effects, without having a mechanism to test, the
strength model is virtually unfalsifiable — a characteristic of a poor theory (see Gieseler et al.,
2019). The second challenge to the strength model comes from work showing that manipulating
motivation can attenuate ego depletion effects (e.g., Brown & Bray, 2017b; Luethi et al., 2016;
Muraven & Slessareva, 2003). For instance, Brown and Bray (2017b) showed that offering a
performance contingent incentive to depleted participants can restore handgrip endurance
performance to levels achieved in a non-depleted state. To accommodate these findings within
the strength model, Baumeister and VVohs (2016) have argued people do not exhaust their
resources completely on the initial self-regulatory task and simply dig deeper into their resource
stores when adequately motivated. But this still assumes that a central resource exists. The final
challenge to the strength model involves studies that have manipulated people’s beliefs and
perceptions. That is, when people believe willpower is unlimited (Job et al., 2010, 2013, 2015;
Martijn et al., 2002) or feel invigorated following self-regulatory exertion (Clarkson et al., 2010),

typical ego depletion effects are not observed.
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Collectively, these findings have fueled considerable criticism of the strength model and
whether a resource-based account is the appropriate explanation for why we often experience
self-regulatory lapses after performing an initial task requiring self-regulation. This has prompted
alternative theorizing that self-regulation is not dependent upon a resource, but on motivation
and a reasoned assessment of benefits and costs of one's response alternatives (Inzlicht &
Schmeichel, 2012; Kotabe & Hofmann, 2015; Kurzban et al., 2013). Although motivational
accounts of self-regulation have received limited attention in the sport and exercise domain to
date, prominent theories such as the shifting priorities model of self-control failure? provide
mechanistic approaches that can and should be tested in this domain (Inzlicht et al., 2014;
Inzlicht & Schmeichel, 2012; Milyavskaya & Inzlicht, 2017).

Whether an ego depletion effect actually exists has also been significantly debated with
some suggesting ego depletion does not exist, and if it does, the effect is small (for recent
examples see Baumeister, 2019; Baumeister & VVohs, 2016; Carter et al., 2015; Cunningham &
Baumeister, 2016; Dang, 2018; Dang et al., 2020; Friese et al., 2019; Hagger et al., 2016;
Inzlicht & Friese, 2019). Despite the controversy of whether an ego depletion effect exists based
on previous meta-analyses (Carter et al., 2015; Carter & McCullough, 2014; Dang, 2018) and
multi-site replication attempts (Dang et al., 2020; Hagger et al., 2016), it is critical to note
several limitations with regards to the conclusions drawn from these studies as they pertain to
sport and exercise performance. For instance, although some of the meta-analyses included
studies examining physical outcomes, none conducted a sub analysis that quantified the
magnitude of the ego depletion effect on sport and exercise performance, which discounts the

possibility that ego depletion may vary across domains (e.g., cognitive versus physical

2 The shifting priorities model was originally known as the process model of ego depletion (Inzlicht et al.,
2014; Inzlicht & Schmeichel, 2012)
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outcomes). In addition, while the results are mixed from multi-lab replication studies (Dang et
al., 2020; Hagger et al., 2016), these attempts did not involve a physical task as the outcome
measure. Therefore, the findings and conclusions drawn from recent meta-analyses, multi-site
replication attempts, and commentaries need to be interpreted with caution when inferring about
sport and exercise performance. In fact, meta-analyses of studies that have examined ego
depletion (or mental fatigue) strictly in a sport and exercise context have found evidence of small
(g =-0.38; Brown et al., 2020) and moderate (ES = -0.506; Giboin & Wolff, 2019) sized
deleterious effects.
Psychobiological Model

While there has been much debate over whether resource or motivation-based models
best explain self-regulatory behaviour more broadly, these theories lack specificity with regards
to factors inherently unique to sport and exercise performance. Consider going for a run. Most
people would agree that one of the most salient factors while running is their perception of
physical exertion and that these sensations largely influence our decisions regarding whether to
speed up, slow down, give up or keep going (Staiano et al., 2018). Physical exertion and the
sensations that accompany the effort required to move are unique characteristics of sport and
exercise performance that influence self-regulation of this behaviour. Roughly a decade after the
first self-regulation studies were published, including some that involved physical endurance
tasks (e.g., isometric handgrip squeeze; Muraven et al., 1998), the psychobiological model
emerged as an effort-based decision-making theory to explain exercise tolerance (Marcora, 2008;
Marcora et al., 2008, 2009; Marcora & Staiano, 2010). Although the psychobiological model was
originally designed to explain how both physiological and psychological factors influence self-

regulation of exercise performance, this model has received significant attention for its ability to
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explain the effects of prior cognitive exertion on self-regulation of sport and exercise
performance.

Rooted in motivational intensity theory (Brehm & Self, 1989), the psychobiological
model posits that exercise-induced fatigue (e.g., task disengagement or reduced intensity) is not
simply due to physiological exhaustion, but rather a conscious decision driven by the interplay
between two factors: 1) perception of effort, and 2) potential motivation. Perception of effort
refers to the conscious sensations of how hard, heavy or strenuous an individual perceives a
physical task to be (Marcora, 2010). On the other hand, potential motivation refers to the
maximum effort an individual is willing to exert to attain their goal (Wright, 2008). Considered
together, the psychobiological model predicts that individuals decide to quit exercising or reduce
their current level of effort because the effort required to continue at the current intensity exceeds
their potential motivation or perceived ability to sustain such a level of effort. Support for this
model stems from studies that have shown manipulating perception of effort (e.g., de Morree,
Klein & Marcora, 2012) and potential motivation (e.g., Cabanac, 1986) can influence exercise
performance independently from physiological mechanisms (i.e., cardiovascular, respiratory,
metabolic, neuromuscular) assumed to underly exercise tolerance (Allen et al., 2008; Amann &
Calbet, 2008; Burnley & Jones, 2007; McKenna & Hargreaves, 2008; Noakes & Gibson, 2004;
Secher et al., 2008; Walsh, 2000). Despite exercise performance being proposed to be driven by
the interplay between perception of effort and potential motivation, research has consistently
shown a strong association between maximal perceptions of exertion and exercise termination,
which supports the notion that perception of effort is the primary determinant of

endurance/exercise performance (Crewe et al., 2008; Eston et al., 2007; Horstman et al., 1979;
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Nakamura et al., 2008; Noakes, 2008). This has led to perception of effort being termed the
“cardinal exercise stopper” (Staiano et al., 2018).

The psychobiological model also recognizes that various factors can affect exercise
performance through influencing perception of effort and/or potential motivation. Of relevance
to the focus of the present chapter, mental fatigue has been found to influence self-regulation of
exercise performance through its impact on perceived exertion (see Van Cutsem et al., 2017 for a
review). Mental fatigue refers to a complex psychophysiological phenomenon that results in
feelings of tiredness or lack of energy following exposure to tasks that require prolonged
cognitive exertion (Boksem & Tops, 2008). It is through this indirect pathway that the
psychobiological model has been applied to understand the effects of prior cognitive exertion on
exercise performance. Evidence in support of this line of theorizing began to materialize shortly
after the psychobiological model was proposed. The seminal study investigating the effects of
mental fatigue on aerobic endurance performance was a within-subject crossover trial that
involved 16 participants cycling to exhaustion at 80% of their peak power output after
performing a demanding cognitive task (i.e., continuous performance task — AX version; AX-
CPT) or watching a documentary for 90 minutes (Marcora et al., 2009). In the AX-CPT, cue-
probe sequences consisting of four letters are continuously presented on a screen. Each cue-
probe sequence involves presentation of a red cue letter first, followed by two white distractor
letters, and finishing with a red probe letter. Participants are instructed to respond whether a
target (A appears as cue; X appears as probe) or non-target (any other cue-probe combination)
trial appears. This task involves higher order cognitive control and sustained attention.
Significant declines in vigor were observed following both experimental manipulations,

however, participants only reported significant increases in fatigue after performing the
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demanding cognitive task. With regards to exercise performance, the results showed that
participants quit exercising significantly earlier after completing the demanding cognitive task.
Closer inspection of the data revealed high levels of motivation prior to exercising that were
relatively equivalent between the conditions, thus ruling out motivation as an influential factor.
However, during exercise, participants reached their maximal level of perceived exertion earlier
following the demanding cognitive task (i.e., in a mentally fatigued state) despite no observed
differences in the peripheral physiological responses (e.g., heart rate, oxygen consumption) that
were assessed. In the time since this publication, several more studies have shown similar effects
at different intensities across a variety of exercise modalities including self-paced aerobic
exercise (e.g., Brown & Bray, 2019b; Brownsberger et al., 2013; MacMahon et al., 2014) and
resistance exercise (e.g., Head et al., 2016; Pageaux et al., 2013) (see Table 1a). Taken together,
these findings further support Marcora et al.'s (2009) conclusions that perceived effort is the key
intermediary variable driving the effects of mental fatigue of exercise performance and highlight
the ability of the psychobiological model to explain the mental fatigue—exercise performance
relationship.

Although the psychobiological model accounts for the indirect effects of mental fatigue
on exercise performance through increases in perception of effort, initial theorizing was broad
and as a result, failed to identify mechanisms by which psychological factors such as mental
fatigue would exacerbate perception of effort. Drawing on their results, Marcora et al. (2009)
suggested mental fatigue disrupts central processing of the corollary discharge associated with
the central motor command. This means that, when in a state of mental fatigue, a greater central
motor command is necessary to produce the same force output as when not in a state of mental

fatigue and, as a result, an increase in perception of exertion is experienced. The authors
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proposed the anterior cingulate cortex (ACC) likely plays a significant role in this process due to
its involvement in motor control, emotion (i.e., perception of effort) and higher order cognitive
functions involved in effort-related decision making. However, research to date has yet to test
this theory in its totality.

After Marcora et al. (2009) demonstrated convincing evidence that exposure to a
cognitively demanding task can impair subsequent self-regulation of exercise performance,
several academics turned their attention to this area given the implications for sport. Naturally,
this involved conducting studies to test boundary conditions of the mental fatigue—exercise
performance relationship, but this also spurred further theorizing around the mechanisms by
which mental fatigue may affect perception of effort and/or potential motivation. As emerging
evidence continues to indicate physiological variables traditionally believed to limit endurance
performance are unaffected by mental fatigue, extensions of the psychobiological model have
focused on brain-based mechanisms. The first extension of the psychobiological model provided
a neurobiological explanation focused on how mental fatigue influences perception of effort
(Pageaux et al., 2014). Specifically, Pageaux et al. (2014) proposed that performing a demanding
cognitive task leads to an accumulation of extracellular adenosine within the ACC, and in turn,
exacerbates perceptions of effort. These predictions were based on research showing the ACC is
activated while performing cognitive tasks (Bush et al., 2000; Swick & Jovanovic, 2002),
including those commonly used to induce a state of mental fatigue (e.g., AX-CPT, Stroop task),
and involved in perception of effort during exercise (Williamson et al., 2001, 2002). While this
extension of the psychobiological model provides an interesting and plausible physiological
explanation of how mental fatigue elicits a deleterious effect on exercise performance through

increased perception of effort, there is one major shortcoming that needs to be acknowledged.
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That is, the psychobiological model posits that the interplay between perception of effort and
potential motivation drives exercise performance; thus, the neurobiological explanation put forth
by Pageaux et al. (2014) fails to consider the totality of the model in that it ignores the role of
potential motivation.

Martin et al. (2018) have since extended upon the initial physiological explanation
proposed by Pageaux et al. (2014). Importantly, this updated physiological explanation
encompasses both central tenets of the psychobiological model: accounting for how mental
fatigue affects exercise performance through not only affecting perception of exertion, but also
potential motivation. Adenosine was again identified as the key mechanism driving this cascade
of events. In addition to adenosine accumulation causing increased perception of effort, Martin et
al. (2018) proposed a second pathway by which the buildup of adenosine due to effortful
cognitive engagement inhibits the release of dopamine within the ACC, and in turn reduces one’s
motivation to exert further effort. This intuitive proposition is centred around neuroanatomical
research and experimental work involving reward sensitivity and decision making among animal
models (Fredholm & Svenningsson, 2003; Salamone et al., 2018; Schweimer & Hauber, 2006;
Stanwood et al., 2001). Although Martin et al.'s (2018) physiological explanation is all
encompassing with regards to the central constructs identified within the psychobiological
model, it has not been tested within humans and would be challenging to do so.

The revised physiological explanation proposed by Martin et al. (2018) also includes a
notable conceptual overlap with the strength model of self-regulation. According to their model,
Martin et al. (2018) suggest effortful cognitive exertion depletes localized cerebral fuel stores
and in turn produces a bi-product: cerebral adenosine. This line of theorizing was informed by a

study comparing exercise performance following exposure to a mentally fatiguing cognitive task
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between recreational and professional cyclists (Martin et al., 2016). The results showed
professional cyclists made less errors on a response inhibition task (i.e., Stroop task) than
recreational cyclists and were resilient to the effects of prior cognitive exertion on a subsequent
cycling task, whereas recreational cyclists demonstrated a significant decline in performance.
Martin et al. (2018) have interpreted these findings as potential genetic or training-induced
adaptations that provide superior inhibitory control due to increased neuronal efficiency. That is,
those with greater neuronal efficiency would use less “cerebral fuel” during tasks involving
mental exertion, and as a result, have less adenosine accumulation. This would have a twofold
effect where perception of effort and potential motivation are both affected to a lesser extent,
ultimately contributing to superior exercise performance. Overall, Martin et al.'s (2018) extended
physiological explanation of the psychobiological model provides a more thorough account of
how mental fatigue impairs subsequent self-regulation of exercise performance through an
intuitive multi-process pathway.

Considerations and Pitfalls. Evidence to date in support of the psychobiological model
overwhelmingly indicates perception of effort is the primary driver of exercise performance
following exposure to mental exertion (Van Cutsem et al., 2017). Since Marcora et al.'s (2009)
seminal findings were published, studies have shown the characteristics of the exercise task (e.g.,
fixed vs. variable demand) shape behavioural responses to mental fatigue through perception of
effort. For tasks involving fixed demands such as cycling to exhaustion, perception of effort is
the “cardinal exercise stopper” whereby individuals tend to give up once they have reached the
peak perception of effort they are willing to tolerate (Staiano et al., 2018). This peak is reached
sooner in a mentally fatigued state. In contrast, for variable demand exercise tasks in which

individuals can adjust their pace (e.g., running a 5km race), perception of effort may be
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considered the “cardinal effort regulator”. In this case, when perception of effort is exacerbated
due to mental fatigue, individuals simply down-regulate their pace to bring their perception of
effort in line with what they would typically experience in an optimal state. Taken together,
findings support theorizing of the psychobiological model in which perception of effort plays a
central role in performance of exercise tasks involving prolonged effortful exertion.

On the other hand, and similar to findings discussed in the previous section, research to
date has shown limited support for the motivational component of the psychobiological model.
Studies have assessed various forms of motivation (e.g., task, success, intrinsic) but for the most
part have failed to detect any motivational shifts that can be attributed to mental fatigue. As
noted previously (Brown & Bray, 2019b; Martin et al., 2018), measures of motivation may be
too broad or abstract to objectively quantify shifts in motivation that occur when people are
mentally fatigued. Measures of motivation are also confounded by the voluntary nature of
participation in research: participants often come into the lab highly motivated to perform the
task at hand, often leading to ceiling effects when reporting motivation. This issue has been
brought to attention by Martin et al. (2018). Moving forward, we need to gain a better
understanding of how motivation affects self-regulation of exercise performance if we are to
unanimously adopt the psychobiological model to understand the effects of prior cognitive
exertion on exercise performance.

Finally, recent extensions of the psychobiological model have provided an intuitive
physiological explanation for why mental fatigue has a deleterious effect on sport and exercise
performance through influencing perception of effort and potential motivation (Martin et al.,
2018; Pageaux, 2014). These propositions have focused primarily on neurobiological processes

involving adenosine accumulation and more recently, inhibition of dopamine release. However,
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the pathways outlined in these physiological explanations are based on research investigating
animal models and have yet to be tested in humans. While we can infer about this relationship
from findings using animal models, the neurobiological pathways by which this phenomenon
occurs in humans is currently unknown. It is apparent that we will need methodological advances
in neurobiological measurement before we can comprehensively test this model in humans.
Where do we Currently Stand?

As noted earlier in this chapter, research investigating self-regulation of sport and
exercise performance following an initial task involving cognitive exertion has been
conceptualized as due to either ego depletion or mental fatigue. Within these emerging bodies of
literature, there have been several recent efforts to synthesize current evidence through
conducting systematic reviews (Englert, 2016; Pageaux & Lepers, 2018; Silva-Junior et al.,
2016; Van Cutsem et al., 2017) and meta-analyses (Brown et al., 2020; Giboin & Wolff, 2019;
McMorris et al., 2018). Studies from both areas have generally concluded that performing an
initial demanding cognitive task leads to subsequent performance impairments across a broad
range of aerobic and resistance-based tasks that require prolonged effort regulation, in addition to
sport-specific motor tasks. In the first attempt to quantify the magnitude and direction of the
effects of prior cognitive exertion on subsequent physical performance, McMorris et al. (2018)
demonstrated a small negative effect (g = -0.26), although statistical tests suggested this effect
may be due to random error. However, these results were only drawn from studies that examined
mental (or cognitive) fatigue, which resulted in only eight studies being included. Significant
concerns have since been expressed regarding the comprehensiveness and replicability of their
search, as well as the rationale for their exclusion criteria (Magarifio & Madhivanan, 2019).

Therefore, considering the substantial methodological similarities between ego depletion and
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mental fatigue studies, the meta-analysis of McMorris et al. (2018) failed to consider what is a
much larger body of literature.

The major difference that has been argued to stand between the unification of the mental
fatigue and ego depletion literatures has been the duration of the cognitive manipulations
(Englert, 2016; Pageaux et al., 2013; Van Cutsem et al., 2017). Most mental fatigue studies have
used cognitive manipulations lasting 30 minutes or more (e.g., Marcora et al., 2009), whereas
ego depletion studies typically use manipulations of shorter duration, with some as brief as 3.5
minutes (e.g., Bray et al., 2008). Researchers examining mental fatigue have argued the
cognitive manipulations employed to cause ego depletion are too brief to induce a state of mental
fatigue (Pageaux et al., 2013). Simply stated, only after prolonged mental exertion can mental
fatigue be experienced. In their recent review, Van Cutsem et al. (2017) argued the minimum
task duration necessary to induce mental fatigue is 30 minutes. This claim was based on studies
showing decrements in vigilance (Nuechterlein et al., 1983) and increases in mental fatigue
occurring around the 30 minute time point (Smith, Coultts, et al., 2016). Van Cutsem et al. (2017)
also argued against including research from the ego depletion area due to a replication crisis.
Unfortunately, the evidence upon which this 30-minute point is based on is both weak and
suspect for two reasons. First, only a small proportion of studies in the ego depletion literature
have investigated effects of cognitive exertion on physical performance and none of the failed
replication efforts undertaken thus far have involved effects of cognitive tasks on physical tasks.
Second, it fails to recognize multiple ego depletion studies that have documented significant
increases in self-reported mental fatigue following cognitive manipulations lasting much less
than 30-minutes (e.g., Bray et al., 2011; Brown & Bray, 2017a, 2019a; Graham & Bray, 2012;

Muraven et al., 1998). These findings have led theorists to posit ego depletion is a form of
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mental fatigue (Hagger et al., 2010; Inzlicht & Berkman, 2015). In addition to task duration,
there is compelling evidence that the difficulty of a cognitive task also contributes to perceptions
of mental fatigue. That is, difficult cognitive tasks can result in high levels of fatigue in a fraction
of the time required by less difficult cognitive tasks (Boksem & Tops, 2008; Mackworth, 1964;
Warm et al., 2008). For example, performing a highly demanding Stroop task for 10-minutes
(Brown & Bray, 2017a) has been shown to produce similar levels of mental fatigue to engaging
in a moderately demanding continuous performance task (i.e., AX-CPT) for 50-minutes (Brown
& Bray, 2019b). In light of this evidence and the substantial overlap in methodologies, it makes
sense to examine these bodies of literature together in totality.

To fully describe and interpret the greater body of literature examining the effects of prior
cognitive exertion on self-regulation of sport and exercise performance, we undertook a
comprehensive synthesis and meta-analysis that integrated the mental fatigue and ego depletion
literatures (Brown et al., 2020). Our rigorous search of the literature found a total of 79 studies
(which included 98 comparisons) that involved performance of a physical task following
completion of an initial task requiring effortful cognitive exertion. Of the 79 studies, we were
able to obtain sufficient statistical information to include 73 studies (which included 91
comparisons) in the meta-analysis.

The results of our meta-analysis of the effects of prior cognitive exertion on self-
regulation of a subsequent physical performance task revealed a significant, small-to-medium
sized negative overall effect (g = -0.38). Of the 91 independent comparisons included in the
meta-analysis, 81 suggested evidence of a deleterious effect, of which 46 indicated a significant
performance impairment (all p’s < .05). Further statistical tests demonstrated significant

heterogeneity in the data which led us to conclude that the observed effect is likely not due to
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chance. Another comprehensive meta-analysis of the ego depletion and mental fatigue literature
reached a similar conclusion. Looking strictly at endurance performance, Giboin and Wolff
(2019) found evidence of a significant medium-sized negative effect (ES = -0.506) across 42
independent comparisons. Therefore, by unifying ego depletion and mental fatigue studies to
investigate this greater body of literature in its totality (Brown et al., 2020; Giboin & Wolff,
2019), these meta-analyses were able to reduce potential selection bias which may have
influenced conclusions drawn by previous reviews and meta-analyses in the area.

Beyond providing a comprehensive investigation of the overall effect of prior cognitive
exertion on subsequent physical performance, our meta-analysis included a closer look at several
potential moderators of this relationship. One of the most important subgroup analyses pertained
to the aforementioned differences in cognitive manipulation durations used in studies aiming to
induce a state of ego depletion or mental fatigue. Given that 30-minutes has been suggested to be
the minimum duration needed to induce a state of mental fatigue and in turn impair physical
performance (Van Cutsem et al., 2017), we stratified studies into two groups based on the
duration of the cognitive manipulation utilized: those < 30-minutes, and those > 30-minutes. The
results of our subgroup analysis failed to reveal a difference between the two groups. Simply
stated, cognitive manipulations lasting less than 30-minutes (g = -0.45) and those lasting 30-
minutes or longer (g = -0.30) had similar small-to-medium sized negative carryover effects on
physical performance. However, using this arbitrary cut-point failed to consider the possibility of
a potential dose-response relationship. To explore this issue, we conducted a post-hoc meta-
regression of the relationship between cognitive task duration and physical performance. The
results did not support a linear dose-response relationship. Taken together, evidence suggests

time on task may not be the driving factor underlying subsequent self-regulatory impairments.
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Another major advance provided by our meta-analysis was the quantification of the
effects of prior cognitive exertion on different types of sport and exercise tasks. Our study built
upon previous findings of a qualitative synthesis of the effects of prior cognitive exertion on a
variety of sport and exercise performance outcomes (Pageaux & Lepers, 2018). In their review,
Pageaux and Lepers (2018) concluded that tasks requiring precision (i.e., motor skills) or
sustained regulation of effort (i.e., aerobic, dynamic resistance, isometric resistance
performance) are most sensitive to prior cognitive exertion, whereas performance of tasks
requiring maximal anaerobic performance such as a sprint, appear unaffected. The results from
our meta-analysis provide statistical support for these findings. Specifically, we found prior
cognitive exertion to have significant negative effects on motor performance (g = -0.57) and
tasks requiring prolonged effort regulation (i.e., aerobic [g = -0.26], isometric resistance [g = -
0.57], dynamic resistance performance [g = -0.51]).Tasks requiring maximal anaerobic
performance showed trivial effects that were not significant. Similar effects have also been
reported for endurance tasks grouped based on whether they involved an isolated group of
muscles (e.g., handgrip squeeze; ES = -0.719) or the whole body (e.qg., cycling; coefficient =
0.338) (Giboin & Wolff, 2019).

The physiological model proposed by Martin et al. (2018) provides an explanation for
why prior cognitive exertion negatively affects tasks involving the sustained regulation of effort
(i.e., aerobic, dynamic resistance, isometric resistance performance) to a greater extent than tasks
involving maximal anerobic performance. That is, “all out” tasks requiring brief maximal
anaerobic performance do not require pacing strategies; thus, individuals are able to endure
higher perceptions of effort for short durations that would otherwise derail performance of longer

tasks. Theorizing pertaining to the negative carryover effects of cognitive exertion on tasks
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requiring sustained attention and motor skills however, has received much less attention to date.
Building off Martin et al.'s (2018) model, it is plausible that shared neural pathways governing
cognition (e.g., attention) and motor behaviour become compromised due to extracellular
increases in adenosine and the subsequent dysregulation of dopaminergic neurons governing
motor skills, leading to a cascade of psychophysiological processes that affect physical task
performance (Brown et al., 2020, p. 524; Graham et al., 2018, p. 11). Nevertheless, additional
research is needed to investigate the effect of prior cognitive exertion on maximal anaerobic
performance while also testing the aforementioned propositions for reductions in various types of
physical task performance.
Potential Mediators and Moderators of Performance

Despite the consistent effects of prior cognitive exertion on self-regulation of sport and
exercise performance, very few studies have examined potential mediators and moderators of
performance. By identifying mediators and moderators we can build on theory to understand
underlying mechanisms. For example, the shifting priorities (or process) model proposes self-
regulation is the product of multiple psychological inputs — motivation, emotion and attention —
that increase or decrease the value of exerting further effort (Inzlicht et al., 2014; Milyavskaya &
Inzlicht, 2017). Understanding the role of these processes could provide insight for recreational
exercisers and professional athletes regarding the structure or timing of their workouts and
competitions as well as recommendations for coaches and trainers when instructing individuals
performing effortful tasks in succession. But only one study to date has comprehensively tested
the assumptions of the shifting priorities model within a sport or exercise context and evidence
of mediation was not observed (Stocker et al., 2020). On its own, motivation has received much

more attention. Evidence indicates manipulating motivation through providing performance
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contingent incentives (Brown & Bray, 2017a) and autonomy supportive instructions (Graham,
Bray, et al., 2014) can attenuate the negative effects of prior cognitive exertion on physical
performance. Therefore, in the right circumstances, individuals are able to overcome the negative
aftereffects of cognitive exertion when they are sufficiently motivated to do so.

Studies have shown perceptions of fatigue (Marcora et al., 2009), affective valence
(Brown & Bray, 2017a), and task self-efficacy (Brown & Bray, 2017a; Graham & Bray, 2015)
are altered following cognitive exertion and likely contribute to alterations in one’s ability to
self-regulate their physical performance. Indeed, based on theorizing within self-efficacy theory
(Bandura, 1997), Graham et al. (2017) tested single and sequential mediation pathways including
perceptions of fatigue and self-efficacy. They found that cognitive exertion led to higher
perceptions of fatigue which, in turn, led to lower perceptions of self-efficacy (i.e., less confident
to perform the upcoming physical task), and ultimately reduced physical task performance. Other
research has shown following cognitive exertion people plan to exert less effort on a subsequent
test of physical performance which resulted in less work performed during the self-paced
exercise session (Brown & Bray, 2019a, 2019b). Taken together, subjective and likely instinctive
responses to cognitive exertion, such as increased perceptions of fatigue and reduced affect,
seem to trigger a cascade of psychological and decisional processes (e.g., I feel tired and less
confident in my ability to perform so I don’t think I can work as hard on this upcoming physical
test”) that ultimately contribute to reduced physical task performance. Researchers, coaches, and
trainers are encouraged to monitor these subjective experiences following cognitive exertion to
not only understand why performance decrements occur but also to develop ways to intervene. In
fact, recent work has shown that using a heart rate monitor to provide biofeedback to self-

monitor performance can successfully attenuate the effects of prior cognitive exertion (Brown &

27



Bray, 2019a). Commonly used self-monitoring tools that track distance, pace and heart rate may
be able to create a motivational structure in which feedback can be leveraged to drive goal-
directed behaviour in alignment with previously held standards or intentions through enhanced
self-efficacy.

As previously discussed, ratings of perceived exertion are a prominent construct within
the psychobiological model and are a consistent predictor of physical task cessation and
performance. However, it would be interesting to investigate whether certain alterations in
psychological processes experienced prior to task performance lead to (i.e., mediate) or enhance
(i.e., moderate) changes in perceived exertion during task performance. We encourage
researchers to use freely accessible software such as PROCESS (Hayes, 2017) and MEMORE
(Montoya & Hayes, 2017) to test for mediation and moderation in between-subject and within-
subject study designs. By doing so we will begin to form a deeper understanding of the prior
cognitive exertion — physical performance relationship.

Recent research has also begun to investigate various individual level factors that
moderate the prior cognitive exertion — physical performance relationship. For example, while
many of the studies investigating the negative aftereffects of cognitive exertion on physical
performance have primarily involved inactive or recreationally active individuals, the findings
with regards to highly trained individuals have been mixed. That is, recent research suggests that
highly trained athletes or expert performers may not be as susceptible to physical performance
decrements following cognitive exertion (Kosack et al., 2020; Martin et al., 2016). Other work in
children suggests children with low levels of motor coordination experience even greater
negative effects of cognitive exertion on physical performance whereas high levels of motor

coordination seem to buffer against the negative effects typically observed (Graham et al., 2018).
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Future Directions

There are several promising avenues for future research investigating the effects of prior
cognitive exertion on physical exertion. First and foremost, more research is needed investigating
cognitive exertion and the self-regulation of physical activity behaviour in everyday life outside
of contrived lab environments. Of the handful of naturalistic studies that have been conducted
using daily diaries and ecological momentary assessment thus far, it seems that self-control
dwindles across the course of one’s day and negatively impacts physical activity intentions and
behaviour (Englert & Rummel, 2016; Finne et al., 2019; Pfeffer & Strobach, 2017; Rebar et al.,
2018; Schondube et al., 2017). However, additional research is needed using physical activity
trackers alongside self-reported measures.

With regards to lab environments, there are several opportunities for refinement and
future research. For instance, one of the major limitations idenfitied across studies within the
Brown et al.'s (2020) risk-of-bias assessment was the lack of blinding procedures. Future
research should employ double-blinding procedures whereby one experimenter delivers the
cognitive manipulation and another administers the physical task. Crossover and/or multi-task
(i.e., physical task-cognitive task-physical task) experimental designs are also encouraged so that
change in performance on the physical task can be compared within individuals and between
conditions. Similarily, standardizing the physical task to participants’ strength (i.e., percent of
maximum voluntary contraction) or ability levels should be utlized whenever possible. A
familiaration session with the physical task is also encouraged. While there is a strong rationale
for selecting the cognitive manipulations previously employed within this body of literature,

future work should should also consider using cognitive manipulations with greater external
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validity such as playing video games or scrolling through social media platforms (e.g., Fortes et
al., 2020).

Finally, undertaking studies involving additional neurophysiological measures alongside
self-report measures is strongly encouraged. Theorizing and limited findings based on the
strength model and the psychobiological model suggest that various psychological,
neurophysiological, and physiological processes are altered during cognitive exertion as well as
during subsequent task performance (Lopez et al., 2015; Martin et al., 2018). That is, alterations
in muscle activity patterns (Bray et al., 2008; Brown & Bray, 2017b; Graham, Sonne, et al.,
2014; Pageaux et al., 2014) and brain activation patterns (Brownsberger et al., 2013; Pires et al.,
2018) have been observed following cognitive exertion and during physical task performance. In
addition, as previously mentioned in the ‘potential mediators and moderators of performance
section’, various alterations in psychological processes have also been observed following
cognitive exertion and during task performance. It would be very interesting to examine
psychological, neurophysiological, and physiological processes either concurrently or
sequentially in an experiment to understand how changes in one process may lead to changes in
another.

Conclusion

In this chapter, we provided an in-depth overview of the current state of the literature
examining the influence of prior cognitive exertion on self-regulation of subsequent sport and
exercise performance. We outlined the two most common theoretical perspectives that have been
adopted to interpret this body of research, while also highlighting why effects from ego depletion
and mental fatigue studies should be considered collectively. At present, research indicates prior

cognitive exertion has a small-to-moderate sized negative effect on subsequent physical

30



performance, however, this effect is not dependent on time, and is most pronounced for motor-
based tasks and tasks requiring prolonged effort regulation (e.g., aerobic or resistance exercise).
Research has shown the negative effects of prior cognitive exertion manifest before an individual
even begins to exercise, and once they do get started, they can expect to experience exacerbated
perceptions of effort. Intervention strategies aiming to overcome these effects may be most
effective when targeting motivational processes. Moving forward, researchers need to design
better studies that reduce bias, step outside the lab to tackle this question in the real world, and

take a multidisciplinary approach to better understand the mechanisms underlying these effects.
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Tables

Table 1a. Studies published in physiology journals by year (N = 46)

Year 2009 2010 2011 2012 2013 2014
(Brownsberger et al., 2013)
Author(s) | (Marcora et al., 2009) (Pageaux et al., 2013) (Pageaux et al., 2014)
Total 1 0 0 0 2 1
Year 2015 2016 2017 2018 2019 2020
(Azevedo et al., 2016) (Coutinho et al., 2018) (Clark et al., 2019)
(Buncan et al., 2015) (Badin et al., 2016) (Head etal., 2017) (Filipas et al., 2018) (Filipas et al., 2019) (Kosack et al., 2020)
_ (Kunrath et al., 2018) (Fortes et al., 2019)
(Martin et al., 2015) (Head et al., 2016) (Le Mansec et al., 2018) (Moreira et al., 2018) (ZI(:)rlag)co-Alvarenga etal,
(Penna, Filho, Campos, et .
(Pageaux et al., 2015) (Martin et al., 2016) (Otani et al., 2017) al., 2018) (Contoret . 209 (anreh el 2020
N N v (Penna, Filho, Wanner, et
Author(s) al,, 2018) (Holgado et al., 2019)
(Smith, Zeuwts, et al., (Pires et al., 2018)
(Shortz etal., 2015) 2016) (Shortz & Mehta, 2017) | (Roussey et al., 2018) (LeMansecetal, 2019) | (ooceral 2020)
. (Smith, Coultts, et al., 2016, (Salam et al., 2018) .
(Smith et al., 2015) Study 1) (Slimani et al., 2018) (Martin et al., 2019)
. (Silva-Cavalcante et al.,
(SSnrJ'r:jlthé)Coutts, etal., 2016, | (Venessetal., 2017) 2018) (Van Cutsem et al., 2019) (Van Cutsem et al., 2020)
Y (Vrijkotte et al., 2018)
Total 5 7 5 12 9 4
Table 1b. Studies published in sport and exercise psychology journals by year (N = 36)
Year 2008 2009 2010 2011 2012 2013 2014
(ll)Dorrls et al., 2012, Experiment (Englert & Bertrams, 2014)
- - (Bray et al., 2013)
g)DOI’I’IS et al., 2012, Experiment (Graham, Sonne, et al., 2014)
(Martin Ginis & Bray,
Author(s) | (Bray et al., 2008) 2010) (Bray et al., 2011) (SESC?)I/T)& Bertrams, 2012, (MacMahon et al., 2014)
(Englert & Bertrams, 2012, %‘f;wan etal.,
Study 2) (Wagstaff, 2014)
(Graham & Bray, 2012)
Total 1 0 1 1 5 2 4
Year 2015 2016 2017 2018 2019 2020
Author(s Englert & Wolff, 2015 Boat & Taylor, 2017 Brown & Bray, 2019b)* Brown & Bray, 2019a aabani et al.,
h | Iff, 20 lor, 20 2019b 2019 Shaabani et al., 2020
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(Englert, Bertrams, et al.,
2015)

(Schiicker & MacMahon,
2016, Study 1)

(Boat et al., 2017)

(Boat et al., 2018)

(Harris & Bray, 2019)

(Englert, Persaud, et al.,
2015)

(Schiicker & MacMahon,
2016, Study 2)

(Brown & Bray, 2017a)

(Englert et al., 2018)

(Graham et al., 2018)

(MacMahon et al., 2019)

(Graham & Bray, 2015)

(Zering et al., 2017)

(Graham et al., 2017)

(Stocker et al., 2019)*

(Shin et al., 2019)

(Stocker et al., 2020)

Total 4 3 4 5 4 2
Table 1c. Studies published in general psychology journals by year (N = 17)
Year 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008
(Seeley & (Albertsetal., | (Albertsetal.,
Author(s) | (Muravenetal., (Ciarocco et al., Gardner, 2003, (Murtagh & (Vohsetal., (Finkel et al., 2007, Study 2008)
1998, Study 1) 2001) Study 1) Todd, 2004, 2005, Study 2006, Study 1)
(Seeley & Study 1) 2) 4) (Albertsetal., | (Tyler & Burns,
Gardner, 2003, 2007, Study 2008,
Study 2) 2) Experiment 1)
Total 1 0 0 1 0 2 1 1 1 2 2
Year 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Author(s) | (Tyler & Burns, (Alberts et al., (Hagger et al., 2013, (Xuetal., (Yusainy &
2009, 2011) Study 1) 2014) Lawrence, 2015)
Experiment 2) (Hagger et al., 2013,
Study 2)
Total 1 0 1 0 2 1 1 0 0 0 0 0

Note: Published, peer reviewed studies taken from the Brown et al. (2020) meta-analysis that included literature from the earliest available date up
to September 2018. Based on the Brown et al. (2020) eligibility criteria and search terms, an updated search was conducted to include literature up
to July 2020. *Study originally published online in the corresponding year in the table but officially published in the year listed in the reference.
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Figures

Number of Published Studies

Figure 1. Cognitive exertion — physical performance publication trends (1998-2020) across all disciplines (N = 100), based on the Brown et al.
(2020) meta-analysis and an updated search to include literature from the earliest available date up to July 2020.
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Figure 2. Cognitive exertion — physical performance publication trends (1998-2018) for physiology (N = 46), sport and exercise psychology (N =
36), and psychology (N = 17), based on the Brown et al. (2020) meta-analysis and an updated search to include literature from the earliest

available date up to July 2020.
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