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ABSTRACT
Daily stress is pervasive for many Canadians. It can lead to unpleasant feelings and is associated
with changes for the concentration of cortisol and cerebral blood flow. Aerobic exercise presents
a readily accessible adjunct with, or an alternative to, current interventions to manage stress. The
prefrontal cortex (PFC) of the brain is affected by aerobic exercise, stress as well as in our ability
to perform a variety of tasks that involve executive functioning. The purpose of this study was to
conduct a scoping review of the literature to summarize evidence on the involvements of aerobic
exercise on stressor-induced changes on executive functioning, as well as the involvement of the
PFC. Potential studies were searched on PubMed and PsycInfo, and ten studies were included in
the research synthesis. Results suggest the involvement of the PFC, such as the dorsolateral PFC
during inhibition and working memory following stress or aerobic exercise, as well as the utility
of functional neuroimaging to investigate these topics of the literature.
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1. Introduction
1.1 Prevalence of Stress and the Role of Aerobic Exercise
Between 2018 and 2019, about 2 million Canadians between 18 and 34 years of age have
reported moderate to high levels of daily stress (Statistics Canada, 2019). In Nova Scotia, around
30, 000 adults between 18 and 34 years of age reported moderate to high levels of daily stress on
the same time period (Statistics Canada, 2019). Stressful experiences change over the life course,
such as meeting work deadlines, writing a difficult email, preparing a presentation or completing
a dissertation during a global pandemic. These experiences, as well as other forms of stress, lead
to feelings of anxiety (Rimmele et al., 2009) and restlessness (Klaperski et al., 2013; Rimmele et
al., 2007). Because stressful experiences can be debilitating, the literature has proposed ways for
individuals, to manage stress (Diamond, 2015). More precisely, individuals have been suggested
to engage in activities that facilitate feelings of positivity, self-efficacy, and social support (for a
discussion see Diamond, 2015). Activities that foster these feelings may alleviate the deleterious
effects of stress on the individual, by targeting the same bodily systems that are affected through
stress and, at the same time, necessary to perform various tasks (Diamond, 2015). Some of these
activities are subserved within the general category of aerobic exercise. Engaging in daily walks
with a loved one can, for instance, foster feelings of positivity, and support. Here, of importance
is the view that participating in aerobic exercise is associated with increased blood flow to areas
of the brain that, in turn, provides one source of energy to perform various tasks following acute
stress.
1.2 Stress Effects on HPA Axis Function and PFC Function
In order to understand, how aerobic exercise may help manage stress, it is first important
to acknowledge, how the body responds to stress. At a broader level, the body responds to stress
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in the services for restoring energy (Dedovic et al., 2009; Herman et al., 2003). A stressful event
is a multistage process, that is characterized with the perception of, and the response to, an event
that poses a potential threat for the individual (Dedovic et al., 2009). As Figure 1 has shown, the
perception of a stressor results in the production of the corticotropin releasing hormone from the
hypothalamus. Once released, corticotropin releasing hormone reaches the pituitary gland which
stimulates the release for adrenocorticotropic hormone. Following secretion, adrenocorticotropic
hormone reaches the adrenal gland, which stimulates cortisol production. This cascade of events
represent the body’s gradual response to real or perceived threat, the end-product of which is the
secretion of cortisol from the hypothalamic-pituitary-adrenal (HPA) axis. At a broader level, the
HPA axis response to stress is associated with brain activity which as discussed below, involves
regions of the prefrontal cortex (PFC; Dedovic et al., 2009; McEwen, 2007).
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Figure 1.

HPA axis response to the perception of stress. The figure shows the HPA stress

response, as described by Dedovic et al. (2009). Here, a cascade of events gradually follow stress
perception, in which an activation of the paraventricular nucleus of the hypothalamus leads to the
eventual release of the glucocorticoid hormone, cortisol, from the adrenal cortex.
Because stress has been defined in a variable manner within the literature (for an example
see Dickerson & Kemeny, 2004; Mason, 1968; McEwen, 2000), the present review defines stress
as a social interaction, in which the individual perceives that his or her performance is negatively
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evaluated by others, but cannot physically leave the situation. This definition of stress mirrors the
concept of psychosocial stress by the literature. As such, this review uses stress and psychosocial
stress interchangeably but, in each case, uses the term in reference to the definition above, unless
stated otherwise.
In the past, regions of the PFC have been proposed to respond to different forms of stress,
in concert with the HPA axis. As the top panel of Figure 2 suggests, the lateral, medial as well as
the ventral regions of the PFC typically show an inverse relationship with the HPA axis response
to stress. When variations for the Montreal Imaging Stress Task (MIST; Dedovic et al., 2005), as
well as when modifications of the Trier Social Stress Test (TSST; Kirschbaum et al., 1993), have
been selected to induce an acute state of psychosocial stress, the anterior cingulate cortex, frontal
gyrus, orbitofrontal cortex, as well as the dorsolateral, dorsomedial and ventromedial PFC reveal
changes in the concentration of cerebral blood flow associated with changes in the concentration
of salivary cortisol (Dedovic et al., 2009; Eisenberger et al., 2007; Kern et al., 2008; Pruessner et
al., 2008; Wang et al., 2005; Wheelock et al., 2016). The relationship between alterations in PFC
blood flow that occur in parallel with alterations in cortisol concentration, demonstrates the wellknown, fight-or-flight response to stress. As the body mobilizes energy for an individual to fight
or flight under stress, a cascade of events take place in the brain that are associated with changes
in the concentration of cortisol in saliva (Dedovic et al., 2009; McEwen, 2007).
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Figure 2.

PFC and HPA axis responses to psychosocial stress and aerobic exercise.
5

Note. dlPFC represents dorsolateral PFC; dmPFC represents dorsomedial PFC; OFC represents
the orbitofrontal cortex; SFG represents the superior, frontal gyrus; ACC represents the anterior
cingulate cortices; vmPFC represents the ventromedial PFC; IFG refers to inferior frontal gyrus.
This figure represents the relationships between activation in areas of the PFC and activation of
the HPA axis as reported by PET (Kern et al., 2008; Pruessner et al., 2008) and fMRI (Dedovic
et al., 2009; Eisenberger et al., 2007; Wang et al., 2005; Wheelock et al., 2016; Zschucke et al.,
2015) during acute manipulations of psychosocial stress or aerobic exercise. ↑ represents that a
positive relationship was reported whereas ↓ represents a negative relationship was reported by
the above literature (Dedovic et al., 2009; Eisenberger et al., 2007; Kern et al., 2008; Pruessner
et al., 2008; Wang et al., 2005; Wheelock et al., 2016; Zschuke et al., 2015). Note that both top
and bottom panels are based on findings from the broader literature.
As Herman et al. (2003) have explained, the secretion of cortisol from the HPA system is
intended to allow the individual, to survive potential threat to his or her body. While under stress,
the brain is involved in our ability to regulate emotion as well as in our abilities to process, select
and execute our responses to stress (Dedovic et al., 2009; Pruessner et al., 2008). As Pruessner et
al. (2008) have explained, the anterior cingulate cortex is involved in our appraisals of stress and
in action selection. When stress results in unpleasant feelings, the superior frontal gyrus (Kern et
al., 2008) and the ventromedial PFC (Wang et al., 2005) are implicated in emotion regulation. In
cases when overcoming stress implicates problem solving, the dorsolateral (Dedovic et al., 2009;
Pruessner et al., 2008; Rosenbaum et al., 2018) and dorsomedial (Dedovic et al., 2009) PFC may
be involved in addition to the anterior cingulate cortex, superior frontal gyrus, ventromedial PFC
as well as other brain regions. As the above literature suggests, several brain regions are thought
to be necessary to the stress response, and these regions are localized in the PFC. Of course, it is
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important to acknowledge that brain regions, other than those described above, are necessary for
the stress response, such as the amygdala, which is involved in the appraisal of stress (Pruessner
et al., 2008; Taylor et al., 2008b). These findings are illustrated in the top panel of Figure 2.
1.3 Protocols to Induce Psychosocial Stress
In the previous section the TSST (Kirschbaum et al., 1993) and the MIST (Dedovic et al.,
2005) were referred to, with respect to how psychosocial stress has been manipulated within past
literature to evaluate the influences of stress on HPA axis function and PFC function (Dedovic et
al., 2009; Eisenberger et al., 2007; Kern et al., 2008; Pruessner et al., 2008). Each procedure may
be used to induce an acute state of psychosocial stress for participants because each encompasses
a social interaction where the participant performs one or more tasks, his or her task performance
is negatively evaluated by others, and task demands are unpredictable to the participant (Dedovic
et al., 2005; Kirschbaum et al., 1993).
For the traditional version of the TSST (Kirschbaum et al., 1993), the participant prepares
a speech that he or she must make in front of a committee. Unknown to the participant, his or her
speech is followed, by a serial subtraction task, in which the participant is instructed to subtract a
2-digit number from a 4-digit number backwards. Following every error, the participant is told to
restart the serial subtraction test from one of the committee numbers. From speech preparation to
the cessation of serial subtraction, the TSST is less than 30 min (Kirschbaum et al., 1993), and is
associated with increased concentration of salivary cortisol (Dickerson & Kemeny, 2004). MIST,
in comparison, incorporates components of TSST (Kirschbaum et al., 1993) and the Trier Mental
Challenge Test (Kirschbaum et al., 1991). Here, the participant performs arithmetic problems for
addition, subtraction, multiplication, as well as division, that necessitate one or multiple order of
operations (Dedovic et al., 2005). To produce a state of negative social evaluation the participant
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is constantly told by one or more research investigators that his or her performance is inadequate
(Dedovic et al., 2005). While each protocol has been modified since its conception, the principal
characteristics to induce psychosocial stress for each remains the same, in that a participant feels
inadequate from figures of authority in a situation that emphasizes optimal performance.
1.4 Exercise Effects on HPA Axis Function and PFC Function
As the above literature suggests acute experiences with psychosocial stress are associated
with concentration changes in salivary cortisol and cerebral blood flow (for a review see Dedovic
et al., 2009). With thoughtful study design, one line of research complements the evidence above
by showing that the acute influence of MIST (Dedovic et al., 2005) on HPA and PFC functioning
may be modulated by aerobic exercise (Zschucke et al., 2015). More precisely, Zschucke and coworkers observed that men who participated in 30 min of walking or running at 60-70% maximal
oxygen reuptake showed a reduced cerebral blood flow concentration in the inferior frontal gyrus
of the ventrolateral PFC as well as in the dorsolateral and dorsomedial PFC, following the end of
exercise, in comparison to men who participated in 30 min of light stretches. Within this study, it
was also reported that the exercise-induced reduction in PFC cerebral blood flow, was associated
with no changes in salivary cortisol responses following exercise as well as reductions in salivary
cortisol responses during the MIST (Zschucke et al., 2015). Together, the results provide support
for the general involvement of the PFC during acute aerobic exercise and stress in young healthy
men (Zschucke et al., 2015). Yet, executive functioning was not investigated, which is important
to evaluate in this context, as evidence supports the general involvement of the PFC during tasks
that require executive functioning (Diamond, 2013).
1.5 Assessments of Executive Functioning
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Executive functioning refers to a set of cognitive processes, which are thought to underlie
much of our behaviour (Diamond, 2013; Guiney & Machado, 2013). Although many of these are
interrelated in the service of our ability to perform various day-to-day tasks (see Section 1.7), the
concept of flexibility, inhibition, and working memory has each been thought to be a core aspect
of executive functioning (for a discussion, see Diamond, 2013). To that end, different tasks have
been developed to assess these core executive functions within a laboratory setting.
For instance, flexibility is commonly assessed using variations of task switching. Here, a
participant is required to perform a test by applying one of multiple task rules, and the participant
must learn when to “switch” how he or she performs the task, based on limited feedback (see Bae
& Masaki, 2019; Kalia et al., 2018b, for examples). While various assessments have been used to
assess flexibility in this manner (for a discussion, see Diamond, 2013), many of the experimental
tasks used are a variation of the Wisconsin Card Sorting Task (Heaton, 1993). Here, a participant
sorts a series of cards according to colour, number, or shape. Yet, only one sorting criterion stays
correct with each trial, and the participant must learn, through restricted or no feedback, from the
experimenter, when a previous sorting criterion is no longer correct, and to employ an alternative
sorting criterion, to perform the task correctly (Heaton, 1993; Kalia et al., 2018b).
With inhibition, variations of a Go/NoGo (Dierolf et al., 2017, 2018; Jiang & Rau, 2017),
a stop-signal (Chang et al., 2020b) task, or a Stroop (Stroop, 1935) task has been used in order to
test this core executive function. As Diamond (2013) explained these tasks overlap, yet differ, in
the components of inhibition investigated. These tests assess inhibition, in that a participant must
select which pieces of information to attend to within each trial, and based on what he or she was
instructed, to prevent oneself, from making a response. Variations for Go/NoGo, stop-signal, and
Stroop tasks differ in the stimulus features, to which a participant must attend, as well as whether
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correct performance requires inhibiting a response and doing nothing (Go/NoGo), or inhibiting a
response and applying a different response (Stroop). In modifications of a Go/NoGo paradigm, a
participant applies a keypress or verbal response when he or she sees a specific stimulus, such as
a face presented in a red frame (Jiang & Rau, 2017). Yet in a minority of trials, another stimulus
appears, such as a face presented in a blue frame (Jiang & Rau, 2017), which indicates that he or
she must not respond at all. With a stop-signal task, the participant often sees a specific stimulus
that indicates a keypress or verbal response should be made. Yet, during a minority of trials, this
stimulus is immediately followed by another stimulus which indicates that the response, which a
participant has likely initiated, should not be made. Here, a response must be inhibited when one
is assumed to have already initiated a somewhat automated response in contrast to the Go/NoGo
task, in which inhibiting a response is assumed at the start of the trial, when such a response has
been unlikely initiated (Diamond, 2013).
In comparison, variations of the Stroop task (Stroop, 1935) generally require participants
to inhibit an automated response in favour of making a less automated response. Here, trials that
do not require inhibition present participants with a colour-word in each trial, such as “red”, and
participants make a keypress or verbal response corresponding to its word meaning or to the ink
colour in which the word was presented (Diamond, 2013; Stroop, 1935). Here, the word appears
in black ink (“red” printed in black) or in a compatible ink colour (“red” printed in red). In these
trials, inhibition is not required, because a participant only reads the word presented, which is an
automated response, requiring little to no effort. For other trials, a word appears in an ink colour
that is incompatible with the word itself (“red” printed in blue) and the participant is told that he
or she must respond to the ink colour in which the word was displayed. Here, a participant must
inhibit the automatic tendency to read the word (Diamond, 2013), and must instead ignore what
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the word suggests and respond to its ink colour, a less automatic response (Diamond, 2013). As
such, variations of a Stroop task assess our ability to attend to different stimulus features, which
vary across trials and, on some trials, to inhibit an automatic, though inappropriate, response, in
favour of a less automatic, yet appropriate, response in the service of accurate task performance
(Diamond, 2013; Stroop, 1935).
Finally, working memory has been commonly assessed through variations of the n-back
paradigm (Li et al., 2014, 2019; Luettgau et al., 2018; Qin et al., 2009; Van Ast et al., 2016), or
through variations of the Sternberg Item Recognition task (Sternberg, 1969). Here, a participant
must maintain information and recognize whether the current information presented includes the
to-be-remembered item content. In a common n-back task, the participant makes a keypress or
verbal response to indicate whether the currently presented letter or number was presented, from
a pre-determined number of trials ago. In cases when a participant must recognize whether or not
the current display appeared from three trials previously (3-back), information may be more
difficult to recognize, in comparison to when he or she must recognize whether or not the current
display appeared during the preceding trial (1-back). As such, modifications of the n-back test
assess features of working memory, in which a participant must maintain a single piece of
information, for a few seconds to a few minutes (for examples, see Li et al., 2014, 2019;
Luettgau et al., 2018; Qin et al., 2009). Yet, the concept of working memory is not limited to our
ability to maintain and recognize information (Diamond, 2013).
In addition to the capacity to maintain and recognize information, working memory has
been assessed with variations of the Sternberg Item Recognition task (Sternberg, 1969). Here, a
participant must maintain information from a previous display, which may require him or her to
maintain upto 16 items in mind, and recognize whether the to-be-recognized content, which can
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potentially involve multiple information content, were shown in the current display. Because of
this, modifications for the item recognition task (Sternberg, 1969) assess our ability to maintain,
search for, as well as update information held in mind. By comparison, modified versions of the
n-back task are designed to assess our ability to maintain as well as update information, without
the need to search through an array of information in a goal-directed manner. Identical with that
of flexibility, and inhibition, the concept of working memory can be decomposed into particular
cognitive processes, and the assessment used is designed to isolate one or more of the processes
while minimizing the influence of other cognitive processes, which may not be of interest to the
experimenter (Diamond, 2013).
1.6 Neuroimaging Instrumentation
The PFC is involved with tasks that require executive functioning, and the activity in the
PFC may be modulated from stress (for a review, see Alvarez & Emory, 2006; Diamond, 2013).
More precisely, evidence suggests that stress-induced changes in cerebral blood flow for regions
of the PFC are associated with alteration with cognitive flexibility (Kalia et al., 2018b), response
inhibition (Chang et al., 2020b), and working memory (Van Ast et al., 2016). Furthermore, it has
been suggested that exercise-induced changes in cerebral blood flow in the PFC are associated to
improvements with inhibition (Yanagisawa et al., 2010) whereas electroencephalographic (EEG)
activity within the PFC, is associated with cognitive flexibility (Bae & Masaki, 2019), as well as
working memory (Hwang et al., 2019). In order to understand the evidence above, however, it is
first important to understand how PFC function is assessed, and how these instruments predicate
on the activity of neurons.
As Müller-Putz and co-workers have illustrated, our brain processes information, through
nerve cells called neurons (Müller-Putz et al., 2014). Because observing human neurons function
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directly in vivo is challenging, over the years, numerous instruments have been developed for the
indirect examination of brain functioning. Some of these instruments include functional magnetic
resonance imaging (fMRI), functional near-infrared spectroscopy (fNIRS), single-cell recordings
as well as magnetoencephalography (MEG) and EEG.
Single-cell recording records electrical activation from a single neuron (Heinricher, 2014;
Ludvig et al., 2001; Marblestone et al., 2014; Ratcliff et al., 2007) whereas EEG and MEG attain
changes in the electrical activation, and changes in the magnetic field, associated with changes in
neuronal activation, respectively (Baillet, 2017; Braeutigam, 2013; Hari & Salmelin, 2012; Lotte
et al., 2015; Müller-Putz et al., 2014; Sato et al., 1991; Singh, 2014). In fMRI, fNIRS and PET, a
researcher obtains information about brain function through changes in the properties of regional
cerebral blood flow, that follow changes in neuronal activation (Bunce et al., 2006). Specifically,
PET records changes in the concentration of glucose metabolism by cerebral blood flow (Decety
et al., 1994; Phelps, 2000; Van Den Hoff, 2005; Ziegler, 2005) whereas fMRI records changes to
the concentrations of deoxygenated hemoglobin in cerebral blood flow, in the form of the bloodoxygenation-level-dependent (BOLD) contrast (Glover, 2011), associated with changes in neural
activity. As well, fNIRS obtains changes for the concentration of oxygenated hemoglobin as well
as deoxygenated hemoglobin in cerebral blood flow, in the form of changes for the absorption of
near-infrared light in the 650-1, 000 nm range associated with changes in neuronal activity (for a
review, refer to: Bunce et al., 2006; Davies et al., 2017; Dieler et al., 2012; Ferrari, & Quaresima
2012; Murkin & Arango, 2009; Quaresima et al., 2012; Torricelli et al., 2014). In such respect, a
researcher can evaluate the involvement of the PFC during various tasks, through different types
of instrumentation. Finally, diffusion tensor imaging is not used to assess PFC function, because
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it visualizes water diffusion (Alexander et al., 2007; Basser et al., 1994, 2000). As such, it is not
ideal to examine PFC function and is more appropriate to characterize PFC structure.
1.7 Stress- and Exercise-Induced Changes in Executive Functioning
In the past literature, one area of interest concerns the modulatory role of aerobic exercise
on stress-induced changes on executive functioning and the involvement of the PFC during these
situations. Executive functioning refers to a class of processes, that are thought to be necessary to
our ability to perform various tasks, such as processing information, selective attention as well as
action selection (Diamond, 2013; Guiney & Machado, 2013). Of interest are the sub-components
of flexibility, inhibition and working memory. These processes often underlie various day-to-day
tasks like the day-to-day act of going grocery shopping, in which the ability to choose a different
product, when the desired product is unavailable, predicates on flexible thought and the ability to
resist buying unnecessary products predicate on inhibition and working memory. Flexibility may
consequently be defined as the capacity to adapt to change (Diamond, 2013; Guiney & Machado,
2013). By comparison inhibition usually refers to inhibiting a response in a goal-directed manner
while working memory commonly refers to the temporary maintenance, manipulation, as well as
the updating, when necessary, of information (Diamond, 2013).
As mentioned above, aerobic exercise may modulate the influences of stress on executive
functioning. For instance, various types of aerobic exercise are associated with a reduced cortisol
responsivity to the TSST (for an example see Klaperski et al., 2013; Rimmele et al., 2005, 2007),
and evidence from fMRI (Li et al., 2019) and fNIRS (Dupuy et al., 2015) studies posit how acute
as well as chronic aerobic exercise may be associated with concentration changes in oxygenation
in regions of the PFC during assessments of inhibition (Dupuy et al., 2015) and working memory
(Li et al., 2019). Specifically Klaperski et al. (2013) found a lower salivary cortisol response to a
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group version of the TSST (von Dawans et al., 2012) in women who reported participating in > 2
h of physical activity each week, in comparison to the cortisol responses observed in women who
reported engaging in < 2 h of physical activity each week. Similarly, Rimmele et al. (2007, 2009)
reported that males who reported participating in > 2 h of physical activity each week exhibited a
lower salivary cortisol response to the TSST in comparison to men who reported engaging in < 2
h of physical activity per week. In a potentially related finding, Dupuy et al. (2015) observed that
physically active women, defined as those who achieved a mean maximal oxygen reuptake value
of 46.6 ± 7.0 ml/kg/min, during a graded maximal exercise test, showed a greater increase for the
concentration of oxygenated hemoglobin within the right inferior frontal gyrus during a modified
Stroop task in comparison to the findings observed for comparatively physically inactive women,
defined as those who achieved a mean maximum oxygen reuptake value of 36.4 ± 5.3 ml/kg/min
during the graded maximal exercise test. Owing to the role of physical activity level in executive
functioning, Li et al. (2019) found that physically active women defined as those that achieved a
mean maximum oxygen reuptake value of 26.50 ± 1.89 ml/kg/min, during a graded exercise test,
revealed a greater BOLD contrast in the left anterior cingulate cortex during 2-back following 20
min of cycling at 60-69% heart rate reserve in comparison to that observed among comparatively
physically less active women, defined as those who achieved a mean maximum oxygen reuptake
value of 19.86 ± 1.00 ml/kg/min during the graded maximal exercise test.
1.8 Potential Involvement of Aerobic Exercise on Executive Functioning During Stress
As the above literature suggests, various forms of aerobic exercise can be associated with
increased prefrontal oxygenation in individuals who perform inhibition tests (Dupuy et al., 2015)
or working memory tests (Li et al., 2019) in comparison to when these tests are performed under
control conditions. By comparison, fMRI research has shown that an acute psychosocial stressor,
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in the form of a modified TSST (Kirschbaum et al., 1993), may be associated with a reduction in
prefrontal oxygenation in participants who perform working memory tasks following the stressor
manipulation in comparison to participants who perform the same tests following a non-stressful
control condition (Luettgau et al., 2018). Together, these findings indicate a potential mechanism
through which aerobic exercise can result in acute alterations within the core executive functions,
under moderately stressful conditions.
More precisely, the available evidence indicates that acute stress engages the PFC in the
service of adapting to the current situation. This engagement is characterized by changes in
oxygenated cerebral blood flow that shift from regions of the PFC, which are commonly
necessary in effortful behaviour, to those in other brain areas such as the amygdala, which are
typically necessary for individuals to prepare the fight-or-flight response (for details, see:
Dedovic et al., 2009; Pruessner et al., 2008). Within this line of reasoning, acute stressors are
associated with reduced oxygenated blood flow within the PFC, which reflects a cognitive shift,
to transition away from “thinking with effort”, a process that generally involves executive
functioning through the PFC, to “thinking fast”, which generally involves the HPA axis as well
as parts of the limbic system, in order to fight against or flee from the perceived stressor
(Dedovic et al., 2009; Pruessner et al., 2008). Such shifts in how our immediate surrounding
influence our cognition is adaptive in that stressor-related decreases in prefrontal oxygenation
are intended to facilitate our fight-or-flight response. Yet, such a shift in cognitive processing
may result in a deterioration in executive functions that involve the PFC, such as flexibility,
inhibition, and working memory.
As mentioned previously, various forms of aerobic exercise, including stationary cycling
(e.g., Endo et al., 2013; Li et al., 2014, 2019; Yanagisawa et al., 2010), may be associated with a
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greater increase in prefrontal oxygenation during assessments for inhibition or working memory,
in comparison to when the same tasks are performed following control conditions. Findings such
as these support the view that acute participations in exercise generally regulate our responses to
stress. Participations in exercise are associated with a cortisol response may lower over time such
that a down-regulation of the HPA axis occurs concomitantly, with the act of exercising
(Sothmann et al., 1996). Because the available evidence suggests that the PFC may have an
inhibitory effect on activation of the HPA system (Dedovic et al., 2009), the above view suggests
the potential for aerobic exercise to lead to acute increases in prefrontal oxygenation by
individuals who perform executive function tasks under moderate psychosocial stress. If so, this
view implies that various types of aerobic exercise may help individuals overcome the cognitive
challenges, particularly those involving the core executive functions, that can arise as a result of
experiencing acute psychosocial stress.
When evidence from the above literature is considered in unison with one another, it may
be possible for aerobic exercise to regulate stressor-induced changes in flexibility, inhibition, and
working memory through concentration changes in cortisol and cerebral flow within the PFC. As
the above literature suggests, no known studies have assessed the interactive influence of aerobic
exercise and psychosocial stress upon flexibility, inhibition, or working memory, and the relative
involvement of the PFC during these situations. This gap in the literature is important because 1.)
daily stress is pervasive to many Canadians (Statistics Canada, 2019); 2.) participating in aerobic
activity has been recommended to manage stress (Diamond, 2015); and 3.) evidence supports the
potential effectiveness of aerobic exercise for the management of stress (for example, see Dupuy
et al., 2015; Klaperski et al., 2013; Li et al., 2019; Rimmele et al., 2007, 2009). Because stress is
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unlikely to recede from day-to-day life, these topics of the literature are worth exploring in order
to provide individuals with evidence-based resources to manage stress.
1.9 The Utility of Scoping Reviews
One way to accomplish this is from reviewing the literature to narrate, summarize, and/or
evaluate the available evidence. Different forms of reviews may be performed in this respect, and
the type of review selected depends on the research question(s), as well as the extent to which the
researcher expects those questions to have been addressed, by the literature (Arksey & O’Malley,
2005; Badger et al., 2000; Peters et al., 2015). When an extensive number of articles are believed
to have addressed a research question of interest, a systematic review of the literature is generally
selected in order to restrict one’s narrative of the literature to studies of a good quality (Badger et
al., 2000; Centre for Reviews and Dissemination, 2009). With this approach, the resulting review
reflects a systematic search of available evidence associated with the research questions, because
the included studies are evaluated for study characteristics, findings of interest and the quality of
methodology (Centre for Reviews and Dissemination, 2009). If limited articles are anticipated to
address a research question, a scoping review is favourable in comparison to a systematic review
(Arksey & O’Malley, 2005). This approach does not involve a systematic search of the literature,
in that the included studies are summarized, in a manner that addresses the research question, but
are not evaluated for quality (Arksey & O’Malley, 2005). By this manner one of the purposes for
performing a scoping review is to summarize an emerging topic of extant literature. A systematic
review might be then recommended if the findings from the scoping review reflected a sufficient
number of studies, in order to assess evidence quality (Arksey & O’Malley, 2005).
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2. Objectives
The aim of the present study was to conduct a scoping review of the literature to summarize
evidence on the involvement of the PFC during stress- and aerobic exercise-related alterations in
flexibility, inhibition and working memory. To this end, the current review was conducted in the
service of addressing the following research questions:
i.

How can psychosocial stress influence flexibility, inhibition, and working memory, and
is this associated with activation changes in areas within the PFC, as assessed in studies
that included diffusion tensor imaging, EEG, fMRI, fNIRS, MEG, PET, and/or a singlecell recording in their methodology?

ii.

How can aerobic exercise influence flexibility, inhibition, and working memory, and is
this associated with activation changes in regions within the PFC, as assessed in studies
that included diffusion tensor imaging, EEG, fMRI, fNIRS, MEG, PET, and/or a singlecell recording in their methodology?

iii.

What protocols have been used to induce an acute experience of psychosocial stress as
well as aerobic exercise to understand the influence of these experiences, on flexibility,
inhibition, and working memory, as assessed in studies which included diffusion tensor
imaging, EEG, fMRI, fNIRS, MEG, PET and/or single-cell recording to investigate the
involvement of the PFC under these circumstances?

iv.

What assessments have been used to assess flexibility, inhibition, and working memory,
in relation with the acute influences of experiencing moderate levels of aerobic exercise
and/or psychosocial stress, as assessed in studies that included diffusion tensor imaging,
EEG, fMRI, fNIRS, MEG, PET and/or a single-cell recording in their methodologies to
investigate the involvement of the PFC under these circumstances?
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3. Methods
3.1 Protocol
My procedure involved developing a search strategy, establishing my requirement for the
inclusion of studies, performing my literature search, selecting studies for inclusion, provided the
studies met the appropriate requirements for inclusion, charting the results from included studies,
and synthesizing the results in a manner that addressed the objectives of my scoping review. As a
further note, I conducted my scoping review in this manner, in accordance with guidelines within
previous literature (Arksey & O’Malley, 2005; Peters et al., 2005). Figure 3 shows my procedure
of selecting studies for inclusion and uses the Preferred Reporting Items for Systematic Reviews
and Meta-analyses (PRISMA) diagram (Moher et al., 2009; Peters et al., 2005).
3.2 Literature Search
Following the recommendations from the Joanna Briggs Institute (Peters et al., 2015) and
Arksey and O’Malley (2005), I selected multiple sources to retrieve articles. Within these aims, I
performed an electronic search for potential articles using PubMed and PsycInfo. I selected these
databases, as PubMed and PsycInfo are commonly used databases, to perform literature searches
within the psychosocial stress literature (i.e. Dickerson & Kemeny, 2004; Shields et al., 2016a). I
selected two databases to perform my literature search as the previously cited literature has stated
that scoping reviews must, whenever possible, be performed, in at least two databases (Arksey &
O’Malley, 2005; Peters et al., 2015). Because I speculated that my research objective represented
emerging areas of the literature based on a literature review I also performed my literature search
through additional sources as described below and in accordance with guidelines from previously
cited literature (Arksey & O’Malley, 2005; Peters et al., 2015).
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Figure 3.

PRISMA diagram. Process of selecting articles for inclusion by applying criteria

to the title and abstract of each. Articles that appeared eligible for inclusion based on this process
were re-screened for eligibility by re-applying the appropriate criteria to its full-text.
I conducted an electronic literature search on PubMed and PsycInfo on June 7, 2020. For
reference, Appendix A has details with respect to the search terminology and search restrictions I
applied during my literature search, on PubMed and PsycInfo. Following guidelines from current
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literature (Arksey & O’Malley, 2005; Centre for Reviews and Dissemination, 2009; Peters et al.,
2015), I also performed my electronic search, through additional sources, between June 15, 2020
and June 16, 2020. I identified these articles, by searching the reference lists from a proportion of
articles identified, from my database search. When the title and abstract for a study indicated that
it was eligible for inclusion, I searched the references list of that article, for articles, that I did not
retrieve, as a result of my database search. Over the course of this process, if a reference title was
indicative of potential eligibility, the article was retrieved and screened for inclusion, through the
process I have described in Section 3.5. These additional sources correspond to searching the list
of references of each full-text article I assessed for eligibility, in Figure 3. Full-text articles that I
assessed for eligibility are denoted with *, and those articles included in my qualitative synthesis
are denoted with ** from the bibliography. Finally, the bibliography shows articles that were not
retrieved from the literature search, but whose full-text indicated their eligibility for inclusion, as
indicated by ***. Note that, though studies marked with *** in the bibliography are summarized
in the discussion, these studies should be reviewed more extensively by future research.
3.3 Study Selection
Prior to performing my literature search, I determined search terms that I would utilize as
I searched for articles on PubMed and PsycInfo. I determined search terminology, with the aid of
the Psychology Librarian at Dalhousie University as well as with the help of the Subject-Specific
Module at Dalhousie University, between June 4, 2020, and June 6, 2020. My procedure of study
selection is shown by Figure 3. From the 552 articles that I retrieved from my literature search, 4
articles were included, from the psychosocial stress literature, with 6 included within the aerobic
exercise literature.
3.4 Inclusion Criteria
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For reference, details for my inclusionary criteria are in Appendix B. I developed similar
requirements for the inclusion of articles, from the psychosocial stress literature, and the aerobic
exercise literature, with some exceptions. For the purpose of this section, I refer to manipulation,
with respect to the procedure employed to induce an acute state of psychosocial stress or aerobic
exercise. With these mind, my requirements for the inclusion of studies are described below and
in accordance with recommendation in the scoping review literature (Arksey & O’Malley, 2005;
Peters et al., 2015) I also describe the reasons behind my inclusion criteria. For reference, please
see Section 3.4.1.
To be eligible for inclusion, the study must have included humans, and/or nonhumans, as
research participants. Within this criterion, articles with nonhuman participants initially qualified
provided the research sample involved nonhuman primates. When humans served as participants,
the article was eligible for inclusion, provided the study sample involved adults between the ages
of 18 to 40, were of a good health status, and did not represent medical conditions, or medication
use, known to influence the responsiveness of HPA axis, or PFC, in response to the experimental
manipulation, as ascertained by the screening protocol reported during study recruitment.
To be eligible for inclusion, the manipulation must have lasted 1 h, or less. When it was
applied as a within-subjects factor, the experimental and control condition for the manipulation
must have been separated by a minimum of 24 h. An article must have also assessed flexibility,
inhibition, and/or working memory in a pre-post manner, relative to the manipulation. As such,
when the manipulation served as a within-subjects factor, the above component(s) of executive
functioning must have been assessed, following each cessation of the experimental and control
conditions for the manipulation. When the manipulation was a between-subjects factor a study
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was eligible for inclusion, provided that the above component(s) of executive functioning was
assessed, before the onset and following the cessation of the manipulation. For an article to be
eligible for inclusion, PFC functioning must have been recorded during cognitive assessments
with the use of DTI, EEG, fMRI, fNIRS, MEG, PET, and/or single-cell recording. Within the
criterion above, regions of the PFC must have shown manipulation-induced patterns of either
activation and/or deactivation during cognitive assessment.
Unique to articles identified through the psychosocial stress literature, the manipulation
must show evidence, in its ability to activate the HPA axis. With this criterion, we necessitated
that the manipulation either within the article in question or from other articles in the literature,
has been reported to increase salivary cortisol levels in healthy human adults between the ages
18 to 40. Unique for articles retrieved through the aerobic exercise literature, the manipulation
must show evidence of moderate intensity, for each individual tested. Within this criterion, we
necessitated the manipulation intensity met one of the following: 40-60% of heart rate reserve,
50-75% of maximal oxygen re uptake, 50-75% of maximal heart rate, or the equivalent. When
retrieved articles seemed eligible for inclusion, but applied an exercise intensity other than the
intensities described above, the final decision was made, in consultation with our independent
reviewer and, when necessary, the rest of our research team.
3.4.1 Criteria Justification
For the current review, I required nonhuman primates and human adults of a good health
status, free of any medical condition and medication use that may influence stress- and exerciseinduced responses of the HPA axis and PFC, and between 18 and 40 years of age, at the time of
testing for the following reasons. Beginning with nonhuman primates, I included such a species,
based on evidence that proposes the PFC in nonhuman primates responds to psychosocial stress
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through a functionally similar manner as that observed for human adults (Sanchez et al., 2015;
Spinelli et al., 2014). Receptors for glucocorticoid are abundant in areas of the PFC, in various
monkey species (for a review, see Sanchez et al., 2015) and acute influences of a psychosocial
stressor have been studied in these species, on the assumption that these stressors (often in the
form of separating young monkeys from their mothers; for reference, see Spinelli et al., 2014)
influence the HPA axis and PFC.
Turning to human adults I required that the research participants were free of any medical
conditions and medication use which may influence the stress- and exercise-induced responsivity
from the HPA axis and PFC. I included this criterion based on evidence that proposes that human
adults respond differently from one another during psychosocial stress (for a review, see Dedovic
et al., 2009; Zänkert et al., 2019) and physical exercise (for a review, see Brisswalter et al., 2002;
Kashihara et al., 2009; Sothmann et al., 1996). Moreover, such inter-individual differences in the
above responses may depart from what we expect when HPA axis and/or PFC function becomes
affected from medical condition or medication use. Turning to my age range criterion, I required
articles to exclude adults 41 years or older at the time of testing based on evidence that proposes
that HPA axis (Zänkert et al., 2019) and PFC (McEwen & Morrison, 2013) function can change,
with increasing age. Because the available evidence suggests that the PFC can mature around 18
years of age and begins to decline in middle adulthood, which may roughly correspond to adults
in their early 40s, the 18-40 age range criterion was selected, for this reasoning (Diamond, 2002;
McEwen & Morrison, 2013).
Due to limited time and limited resources, I only included articles if published in English.
As Appendix A suggests, I also restricted my literature search to publications between January 1,
1990 and June 7, 2020. I selected the year of 1990 as the TSST (Kirschbaum et al., 1993), which
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is considered as the gold standard for acute manipulations of psychosocial stress (for review, see
Dickerson & Kemeny, 2004; Zänkert et al., 2019), was published during 1993. Moreover, I have
selected manipulations for psychosocial stress 1 h or less in duration and were previously shown
to increase salivary cortisol responses, as manipulations that included these elements, such as the
TSST (Kirschbaum et al., 1993), have been recommended to be used to manipulate an acute state
of psychosocial stress in participants (for a meta-analysis, see Dickerson & Kemeny, 2004). With
respect to manipulations for aerobic exercise, I required the duration and intensity described (See
Section 3.4 for details) based on guideline from the American College of Sports Medicine (2014)
in addition to my own familiarity, with the literature. Finally, I included numerous neuroimaging
modalities for the inclusion of studies, because DTI, EEG, fMRI, fNIRS, MEG, PET, and singlecell recording provide different, and at times complementary, information, with respect to neural
activity in the brain (for a discussion, see Bunce et al., 2009).
When manipulations of psychosocial stress or aerobic exercise served as a within-subject
factor, I required that participants performed each condition of the manipulation with a minimum
of 24 h that separated performing one condition from the other. I selected this criteria based upon
evidence that indicates that, when the concentration of salivary cortisol increases as a response to
external stressors, concentration changes in cortisol may take upto 24 h to return to the level, that
was observed pre-stress (Shields et al., 2016a). Finally, to reassure that the included articles have
observed stressor- or exercise-induced changes in flexibility, inhibition, and/or working memory,
the assessment of executive functioning must have been evaluated using a pre-post manner, with
respect to the manipulation (Shields et al., 2016a). When such manipulation served as a repeatedmeasures factor, flexibility, inhibition, and/or working memory must have been evaluated before
the onset and following the cessation of psychosocial stress or aerobic exercise. In comparison, a
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study, in which manipulations of psychosocial stress or manipulations of aerobic exercise served
as a between-subjects factor, assessments of flexibility, inhibition, and/or working memory must
have been evaluated following the cessation of each condition of the manipulation. To reassure a
potentially included study reported stress- or exercise-induced changes in PFC function while the
participants performed assessments for flexibility, inhibition and/or working memory, DTI, EEG,
fMRI, fNIRS, MEG, PET, and/or single cell recordings must have been acquired during each test
of flexibility, inhibition, and/or working memory.
3.5 Data Abstraction
Following my literature search, an independent reviewer included articles, from applying
our inclusion criteria. For reference, Appendix B shows the instructions with which the reviewer
was provided. Briefly, we instructed our reviewer to determine article eligibility by applying the
appropriate criteria, to the title and abstract to each article. In cases when article eligibility could
not be determined from the title and abstract, the full-text article was retrieved, and the inclusion
criteria was applied to the introduction, method, results, discussion, and, where necessary, to the
supplementary materials. We met with our reviewer in the form of a virtual meeting, on June 28,
2020, where we clarified any questions about our inclusion criteria. Following this, our reviewer
selected articles for inclusion between June 30, 2020 and July 13, 2020. We corresponded again
through email on July 13, 2020 where we made the final decision on articles that were excluded
by one reviewer but included by the other. Our final decision led to the inclusion of 4 articles in
the psychosocial stress literature and 6 articles in the aerobic exercise literature, for a total of 10
articles.
3.6 Data Charting
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Following study selection, I summarized information from all eligible articles, in relation
to each research question. The information was summarized in a table format, through Microsoft
Excel. For reference, these tables are shown in Appendix C and Appendix D. These tables show
my summary of the following study characteristics and findings:
i.

Author name(s) and publication year;

ii.

Sample size, and, in cases when a study included males and females, the sex distribution,
expressed in numerical values;

iii.

Among females, whether their menstrual cycle phase, and/or oral contraceptive use, were
reported and, if so, whether these were controlled for, in relation to stress responsiveness;

iv.

Protocol applied to induce an acute state of aerobic exercise and/or psychosocial stress,
including protocol duration, expressed in minutes;

v.

Whether aerobic exercise and/or psychosocial stress was a between-subjects or a withinsubjects variable;

vi.

In cases where aerobic exercise and/or psychosocial stress served a within-subjects factor
the inter-session interval reported in association with when each condition was performed
expressed in days;

vii.

PFC regions of interest;

viii.

Neuroimaging modality used to record PFC-related activation and/or deactivation during
assessments of flexibility, inhibition and/or working memory irrespective of the literature
area from which the selected article was retrieved;

ix.

Whether flexibility, inhibition, and/or working memory was assessed;
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x.

Assessment(s) used to assess flexibility, inhibition, and/or working memory and the time
lag between cognitive testing, from the cessation of aerobic exercise and/or psychosocial
stress, expressed in minutes;

xi.

Stress- and/or exercise-induced changes in the behavioural measures recorded during the
assessments of flexibility, inhibition, and/or working memory;

xii.

Stress- and/or exercise-induced patterns of activation and/or deactivation in regions of the
PFC during assessments of flexibility, inhibition, and/or working memory.
3.7 Data Analyses
Given that scoping reviews commonly involve a qualitative synthesis of current literature

(Arksey & O’Malley, 2005; Peters et al., 2015), my results involved extracting information, from
my data charts, and describing those that answered my research questions. To this aim, I chose to
structure my Results in two sections. The first section summarized the findings from the selected
articles from the psychosocial stress literature and the second section summarized those extracted
from the aerobic exercise literature.
3.8 Data Synthesis
An aim of the present review was to perform a scoping review to summarize the available
evidence in the involvement of the PFC in stressor- as well as aerobic exercise-related changes in
flexibility, inhibition and working memory. In addition to summarizing findings from the studies
included in this review, these findings were synthesized in the form of a data synthesis. Here, the
involvement of specific regions within the PFC were labelled in the human brain in relation with
localizing PFC regions which, based on findings from the included studies, may be involved in a
person’s capacity to use his or her executive functioning, following acute stress, or after an acute
bout of aerobic exercise. By doing so, results from the included studies were visualized in a way
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that attempted to delineate PFC regions that may be targeted by acute stressors, PFC regions that
may be targeted by acute aerobic exercise, as well as PFC regions which appear targeted by both
acute stressors and acute aerobic exercise. These are illustrated in Figure 4.
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4. Results
My screening procedure is shown by Figure 3. I identified 401 studies through searching
PsycInfo and PubMed, and an additional 210 articles were identified through sources, other than
these databases. For the 401 findings from our database search, 247 articles were associated with
the acute influence of psychosocial stress on flexibility, inhibition, and/or working memory. The
remaining 154 studies were associated with the acute influence of aerobic exercise on flexibility,
inhibition, and/or working memory. Of the 210 articles retrieved through additional sources, 177
of these were associated with the acute influence of psychosocial stress on flexibility, inhibition,
and/or working memory, and the remaining 33 articles were associated with the acute influence
of aerobic exercise on these components of executive functioning.
Of the 552 results retrieved from my literature search on PubMed, PsycInfo, and through
additional sources, I excluded 451 articles after applying my inclusion criteria to the title as well
as abstract of each. These articles were excluded for violating at least one criterion. As Figure 3
suggests, a total of 101 articles initially appeared eligible for inclusion, based on the title as well
as abstract of each. After applying my inclusionary criteria to the full-text for each, a total of 10
articles were eligible for inclusion. This is shown in Table 1, Appendix C, and Appendix D.
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Table 1.

Summary of findings from the included literature.
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Note. N represents sample size; fMRI represents functional magnetic resonance imaging; fNIRS
represents functional near-infrared spectroscopy; EEG represents electroencephalography; under
PFC ROIs which represents the prefrontal cortical regions of interest, the ACC indicates anterior
cingulate cortex; OFC presents the orbitofrontal cortex; FG indicates fusiform gyrus; IFG refers
to the inferior frontal gyrus; LG represents lingual gyrus; and MFG represents the medial frontal
gyrus. Under outcomes, ↑ response time indicates slower response times; ≈ response accuracy is
an indicator of a similar response accuracy; ↓ response time indicates quicker response times; ↑↓
response time indicates both fast and slow response time, depending on exercise intervention; ✕
indicates that behavioral measure indicated was not reported; under neural correlates, ↑ indicates
increased activation in the indicated PFC region, as assessed by the neuroimaging modality used;
↓ indicates decreased activation in the indicated PFC region. All outcomes are summarized, with
respect to the findings reported following the stress manipulation relative to control.
4.1 Acute Effects of Psychosocial Stress on Executive Functioning
Among the 552 articles that resulted from my literature search, I included 4 articles based
on our inclusionary criteria (Chang et al., 2020b; Luettgau et al., 2018; Qin et al., 2009; Van Ast
et al., 2016). The study characteristics and findings from these articles are summarized by Table
1, and a comprehensive summary of these articles are in Appendix C. Of the 552 articles, a total
of 186 articles were identified through PsycInfo, 61 articles through PubMed, and we identified
177 articles through additional sources. Most pertinent for our research questions, each of the 4
included articles are described below, with respect to their procedure applied to induce an acute
state for psychosocial stress, the task administered to examine flexibility, inhibition, or working
memory, as well as the behavioural and neural findings reported.
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Turning to my first research question, I asked what procedures have been applied, for the
induction of psychosocial stress in investigations of its effects upon flexibility, inhibition and/or
working memory. With this end, I observed that 3 of the 4 selected articles (Chang et al., 2020b;
Luettgau et al., 2018; Van Ast et al., 2016) used variants for the TSST (Kirschbaum et al., 1993)
to produce an acute state of psychosocial stress. The remaining article used a selection of violent
scenes from the film, Irréversible (2002) by Gaspar Noé, to produce acute psychosocial stress in
participants (Qin et al., 2009).
Turning to my second research question, I asked which assessments have been applied to
test flexibility, inhibition, and/or working memory, among the included articles. With this end, I
observed that, 3 out of 4 included articles (Luettgau et al., 2018; Qin et al., 2009; Van Ast et al.,
2016) used numeric variations of n-back for the assessments of working memory. Luettgau et al.
(2018) and Qin et al. (2009) used 0- and 2-back, whereas Van Ast et al. (2016) applied 2- and 3back to assess working memory. Finally, Chang et al. (2020b) applied the stop-signal test in the
assessment of inhibition.
Returning to my remaining research questions, the remainder of this section describes the
behavioural outcomes and neural correlates for stress-induced changes in inhibition and working
memory, as ascertained, using fMRI (Chang et al., 2020b; Luettgau et al., 2018; Qin et al., 2009;
Van Ast et al., 2016). I start by describing the finding reported by Chang et al. (2020b) in which
stress-induced changes in inhibition were reported and I then summarize the results for the other
3 studies, in which stressor-induced changes for working memory were reported (Luettgau et al.,
2018; Qin et al., 2009; Van Ast et al., 2016).
To begin, Chang et al. (2020b) found that the TSST was associated with quicker response
times in trials when a stop cue shortly followed a go cue, in comparison to the findings observed
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following the control non-stressful situation. Response accuracy did not differ between the stress
and control groups during these trials (Chang et al., 2020b). With trials when response inhibition
was not required in order to perform the stop-signal task well, response time, as well as response
accuracy, did not differ between the stress and control groups. Moreover, stress-induced changes
in reaction times during stop trials were associated with increased BOLD contrast within the left
and right medial frontal gyrus as well as in the left and right superior frontal gyrus.
Returning to working memory, Luettgau et al. (2018) as well as Qin et al. (2009) did not
observe stress-induced changes in reaction time or response accuracy during 0- and 2-back. Yet
in both studies, decreased BOLD contrast in the dorsolateral PFC was observed for participants
who performed 2-back, although not when the 0-back was performed, following stress, relative
to the findings observed, following the control, non-stressful condition. In addition, Qin and coworkers found increased BOLD contrast for the anterior cingulate cortex, with participants who
performed 2-back in-between viewing violent movie scenes, in comparison to when 2-back was
completed in-between viewing neutral movie scenes. Using 2- and 3-back Van Ast et al. (2016)
found that a modified TSST (Kirschbaum et al., 1993) was associated with an increased BOLD
contrast in the ventromedial PFC, but a decreased BOLD contrast in the dorsomedial as well as
the dorsolateral PFC, in participants who performed 2- and 3-back in comparison to when 2- as
well as 3-back was performed, prior to stress onset. At the behavioral level, the modified TSST
was associated with slower response times whereas response accuracy remained unaffected, by
participants who performed 2- as well as 3-back in comparison to when such assessments were
performed prior to stress onset (Van Ast et al., 2016).
4.2 Acute Effects of Aerobic Exercise on Executive Functioning
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From the 552 articles which resulted from my literature search I included 6 articles based
on my inclusionary criteria (Endo et al., 2013; Faulkner et al., 2016; Hwang et al., 2019; Li et al.,
2014; Ochi et al., 2018b; Yanagisawa et al., 2010). The study characteristic as well as the results
reported in the selected articles are summarized in Table 1. For a comprehensive summary, refer
to Appendix D. Of the 552 results, 74 articles were retrieved through PsycInfo, 80 from through
PubMed, and 33 articles were retrieved using additional sources. Most pertinent for my research
questions, I describe how each of the included articles, induced an acute participation in aerobic
exercise, the task administered to assess flexibility, inhibition, and/or working memory, and the
behavioural as well as neural findings reported.
Turning to my research question, I asked what protocols have been utilized, during acute
manipulations of aerobic exercise. To this end, I found that 5 of the 6 articles applied stationary
cycling (Endo et al., 2013; Faulkner et al., 2016; Li et al., 2014; Ochi et al., 2018b; Yanagisawa
et al., 2010), whereas the remaining article employed treadmill walking (Hwang et al., 2019) to
induce an acute participation in aerobic exercise.
Returning to my next research question I asked how flexibility, inhibition and/or working
memory was assessed. To this end, I found that Ochi et al. (2018b) and Yanagisawa et al. (2010)
administered congruent, incongruent, and neutral conditions for a modified Stroop task. Endo et
al. (2013) and Faulkner et al. (2016) only administered congruent and incongruent conditions of
a modified Stroop task, and Hwang et al. (2019) administered a modified Go/NoGo task. As the
list above suggests, the included studies differed in the assessment used to test inhibition, where
most of these studies (4 of 5) used a modified Stroop task. With respect to working memory, Li
et al. (2014) used 0-, 1-, and 2-back.
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To begin, Li et al. (2014) found increased BOLD contrast in the anterior cingulate cortex,
right paracentral lobule and left inferior frontal gyrus in women that performed 2-back following
20 min of cycling at 60-70% maximal heart rate in comparison to women who participated in 30
min of seated rest. In addition, Li et al. (2014) found a decreased BOLD contrast within the right
medial frontal gyrus, right lingual gyrus, and the left fusiform gyrus, for those who performed 2back following 20 min of cycling at 60-70% maximal heart rate in comparison with women who
participated in 30 min of seated rest. None of the above PFC regions revealed changes in BOLD
contrast in participants who performed 0- or 1-back following aerobic exercise in comparison to
30 min of seated rest (Li et al., 2014). Response times as well as response accuracy did not vary
in participants who performed 0-, 1-, or 2-back following aerobic exercise in comparison to rest
(Li et al., 2014).
Turning to inhibition, Endo et al. (2013) found faster response times, for participants who
performed the incongruent and congruent trials for a modified Stroop task, following 15 mins of
cycling at 40% maximal voluntary intensity in comparison to when the test was performed, after
15 min of seated rest. In a similar manner, Endo et al. (2013) found faster response times among
participants who performed the Stroop task after 15 min of cycling at 60% maximal intensity, in
comparison to when the task was performed following 15 mins of seated rest. Group differences
in response accuracy, were not found. Finally, an exercise-induced increase in the concentration
of oxygenated hemoglobin in the dorsolateral PFC was found in participants who performed the
modified Stroop test following cycling at 40% maximum voluntary intensity (Endo et al., 2013).
By comparison, an exercise-induced decrease in the concentration of oxygenated hemoglobin in
the dorsolateral PFC was found in participants who performed the Stroop task following cycling
at 60% maximal voluntary intensity (Endo et al., 2013). Altogether, these findings support those
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reported by Faulkner et al. (2016) with a sample of males. More precisely, Faulkner et al. (2016)
found increased oxygen saturation in the dorsolateral PFC in men who performed congruent and
incongruent trials during a modified Stroop test following 30 min of cycling at 45-60% maximal
oxygen reuptake in comparison to males who performed the test following 30 min of seated rest.
Though Faulkner et al. (2016) did not report response accuracy, participants demonstrated faster
response times, when the Stroop task was performed following 30 min of cycling in comparison
to when the task was performed following 30 min of seated rest.
Using a Japanese variation of the Stroop task, Yanagisawa et al. (2010) found both faster
response times, as well as greater response accuracy, in participants who performed incongruent
trials of the task following 10 min of cycling at 50% maximal oxygen reuptake in comparison to
participants who performed incongruent trials following 15 mins of seated rest. Participants also
showed an exercise-induced increase in the concentration of oxygenated hemoglobin for the left
dorsolateral PFC, while performing incongruent trials, which was also associated with the faster
response times observed, during these trials (Yanagisawa et al., 2010). Using a similar variation
of the Stroop task, as Yanagisawa et al. (2010), Ochi et al. (2018b) found slower response times
as well as reduced response accuracy in participants that performed incongruent trials following
10 min of cycling at 50% maximal oxygen reuptake under hypoxic conditions, in comparison to
participants who performed the trials following 15 min of seated rest. Hypoxic-induced exercise
was also associated with a decreased concentration with oxygenated hemoglobin, within the left
dorsolateral PFC, for participants who performed incongruent trials (Ochi et al., 2018b). Ochi et
al. (2018b) also observed that, the hypoxic exercise-induced reduction with the concentration of
oxygenated hemoglobin in the left dorsolateral PFC for participants who performed incongruent
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trials of the modified Stroop test was associated with the slower response times observed during
these trials.
Finally, Hwang et al. (2019) found a similar response accuracy in women who performed
a modified Go/NoGo task following 20 min of walking at 70-75% maximal heart rate relative to
women who performed the task, following 20 min of seated rest. Hwang et al. (2019) also found
decreased N2 amplitude in the medial PFC for women who performed NoGo trials, in which one
needed to withhold from responding following the presentation of a sad face, in association with
the findings observed in women who performed these trials following 20 min of seated rest. The
study did not report exercise-induced changes in EEG activation other than that of N2 amplitude
nor were response times during the Go/NoGo task reported (Hwang et al., 2019).
4.3 Synthesis of PFC Findings
As the Objectives suggest, this study was interested in the neural corelates of stressor- as
well as exercise-induced changes for flexibility, inhibition, and working memory. Based on data
summarized from the included literature, Figure 4 summarizes these findings, within the context
of the broader literature. With a similar manner, Figure 5 summarizes findings from the exercise
literature included in this review within the context of the broader literature, and is consequently
intended to complement the bottom panel of Figure 4.
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Figure 4.

Inhibition- and working memory-related PFC activation.
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Note. dlPFC represents dorsolateral PFC; dmPFC represents dorsomedial PFC; OFC represents
the orbitofrontal cortex; SFG represents the superior, frontal gyrus; ACC represents the anterior
cingulate cortices; vmPFC represents the ventromedial PFC; IFG refers to inferior frontal gyrus.
This figure represents the relationships between activation in areas of the PFC and activation of
the HPA axis as reported by PET (Kern et al., 2008; Pruessner et al., 2008) and fMRI (Dedovic
et al., 2009; Eisenberger et al., 2007; Wang et al., 2005; Wheelock et al., 2016; Zschucke et al.,
2015) during acute manipulations of psychosocial stress or aerobic exercise. ↑ represents that a
positive relationship was reported whereas ↓ represents a negative relationship was reported by
the above literature (Dedovic et al., 2009; Eisenberger et al., 2007; Kern et al., 2008; Pruessner
et al., 2008; Wang et al., 2005; Wheelock et al., 2016; Zschuke et al., 2015). This illustrates the
findings summarized from the included literature, within the context of broader literature. Here,
PFC regions highlighted in teal (i.e., dlPFC) that those PFC regions showed stressor- as well as
aerobic exercise-related changes in activation during tasks of inhibition or working memory by
studies included in the present review.

41

Figure 5.

Exercise-related changes in PFC oxygenation during executive functioning.

Note. dlPFC represents the dorsolateral PFC; ACC represents the anterior cingulate cortices; IFG
represents the inferior frontal gyrus; This figure shows how regular physical activity, as assessed
by the maximal oxygen reuptake values achieved during a graded maximal exercise test, or acute
bouts of physical activity, as induced by 15-30 min of walking or cycling, is associated with PFC
oxygenation among the labelled region (Dupuy et al., 2015; Li et al., 2014, 2019; Yanagisawa et
al., 2010). ↑ represents an increase in oxygen in the labelled PFC region, as assessed with fNIRS,
as participants either performed incongruent trials for a modified Stroop Task (Yanagisawa et al.,
2010) or 2-back (Li et al., 2014, 2019). This figure represents the results reported, from studies I
included in my scoping review (Li et al., 2014; Yanagisawa et al., 2010), as well as from studies
within the context of the broader literature (Dupuy et al., 2015; Li et al., 2019).
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5. Discussion
The aim of the present study was to conduct a scoping review of the literature, in relation
to the acute influence of psychosocial stress, as well as the acute influence of aerobic exercise on
the flexible, inhibitory, and working memory aspects of executive functioning. More precisely, I
was interested in how acute experiences of psychosocial stress, as well as how acute experiences
of aerobic exercise, influence PFC functioning, while individuals perform tasks that predicate on
flexibility, inhibition, and/or working memory. At a general level, I found the PFC is involved in
various tasks that require flexibility, inhibition, and working memory, following the cessation of
psychosocial stress or aerobic exercise. The following sections discuss these results with respect
to the current literature and recommendations are provided for future research.
5.1 Reasons for the Exclusion of Studies from the Aerobic Exercise Literature
Prior to discussing the results from the included studies within the context of the broader
literature, it is worth noting the reasons for the exclusion of studies during study selection. Over
the course of study selection, those that examined aerobic exercise-related changes in executive
functioning were primarily excluded for not including any type of neuroimaging to evaluate the
involvement of the PFC. Some of these studies are shown in Appendix E. Other reasons for the
exclusion of studies from the aerobic exercise literature included the observation that neither of
flexibility, inhibition, or working memory was assessed; the observation that an acute period of
aerobic exercise of moderate intensity, did not characterize the exercise intervention; and/or the
observation that, in cases when flexibility, inhibition, or working memory was assessed, a study
did not assess exercise-induced changes in executive functioning using a pre-post manner, such
that flexibility, inhibition, or working memory was assessed following the cessation of exercise
but was not assessed beforehand.
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5.2 Reasons for the Exclusion of Studies from the Psychosocial Stress Literature
Likewise, it is worth noting the reasons for the exclusion of studies from the psychosocial
stress literature. Here, those that examined stress-induced changes in executive functioning, were
primarily excluded for not evaluating flexibility, inhibition, or working memory (see Appendix E
for a list for some of these citations). Other reasons for study exclusion, were the observation that
stressor-related changes flexibility, inhibition, or working memory were not assessed using a prepost manner, such that the executive function investigated was evaluated, following the cessation
of stress induction, but was not assessed beforehand (or, in cases when the stressor was used as a
between-subjects factor, executive functioning was unassessed, following the cessation of the no
stress control condition); the observation that a study did not involve neuroimaging; and, in what
seemed to be case for multiple studies, the observation that the stress induction method was not a
standardized laboratory stressor, in that the method employed, was not previously shown to elicit
an increase in cortisol release.
5.3 Protocols to Induce Psychosocial Stress
In the present review, I found that most of the included articles applied modified versions
for the TSST (Kirschbaum et al., 1993) to manipulate an acute state of psychosocial stress. More
precisely, Chang et al. (2020b), Luettgau et al. (2018), as well as Van Ast et al. (2016) employed
modified versions for the TSST (Kirschbaum et al., 1993), whereas Qin et al. (2009) employed a
selection of violent scenes from the film, Irréversible by Gaspar Noé, to induce acute stress. This
finding is consistent with the literature. More precisely, evidence from behavioural (Childs & De
Wit, 2014; Juster et al., 2015; Mordecai et al., 2015; Obasi et al., 2017) and from fMRI (Antal et
al., 2014; Buchanan et al., 2009, 2010; Eisenberger et al., 2007) studies indicates that a modified
version of the TSST (Kirschbaum et al., 1993) is commonly used, for inductions of psychosocial
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stress in healthy adults. Likewise, modified versions of the TSST (Kirschbaum et al., 1993) have
been applied in studies, that used other neuroimaging modalities as well, such as those involving
PET (Kern et al., 2008) and fNIRS (Rosenbaum et al., 2018). With respect to the use of violence
from films to induce acute psychosocial stress in participants, studies that utilized Irréversible by
Gaspar Noé represent a research group at Radboud University in the Netherlands.
More precisely, Qin and co-workers (for example, see Ossewaarde et al., 2011; Qin et al.,
2009, 2012; van Marle et al., 2009, 2010) commonly selected violent scenes from Irréversible by
Gasper Noé to induce acute stress, in participants. Here, it is more appropriate to consider the act
of seeing violent movie clips, as emotional stress, rather than psychosocial stress. As Qin and coworkers have explained, participants are often instructed to imagine themselves as witnessing the
violence depicted from the film, and participants are recruited on the assumption that they do not
regularly watch violent movies (Qin et al., 2009). As such, seeing a violent film was presumed to
induce acute stress, in that a participant may feel that the violence he or she sees is novel, as well
out of his or her control, and hence encompasses the components of novelty and uncontrollability
used by earlier definitions of stress (Mason, 1968). While this form of stress does not manipulate
feelings of negative social evaluation from figures of authority in comparison to variations of the
TSST (Kirschbaum et al., 1993) or MIST (Dedovic et al., 2005), it is still associated with greater
salivary cortisol responses, in comparison to participants who view scenes without violence (Qin
et al., 2009).
5.4 Protocols to Induce Aerobic Exercise
In the present review, I found that most of the included articles applied modified versions
of cycling to induce an acute participation in aerobic exercise. More precisely Endo et al. (2013),
Faulkner et al. (2016), Li et al. (2014), Ochi et al. (2018b) as well as Yanagisawa et al. (2010) all
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used cycling to induce an acute participation in aerobic exercise, although the precise duration of
cycling varied across studies, whereas Hwang et al. (2019) utilized self-paced walking, to induce
aerobic exercise. This is somewhat supported by extant literature. More precisely, evidence from
behavioural (Alves et al., 2012; Chang et al., 2011; Wang et al., 2015) and fMRI (Li et al., 2019)
studies suggests that modified versions of walking or cycling are commonly used to induce acute
aerobic exercise in healthy adults. At the same time, past literature has also employed the graded
exercise test to examine the acute influences of aerobic exercise upon executive functioning. For
instance, Themanson and Hillman (2006) applied a graded maximal exercise test, to evaluate the
acute influences of aerobic exercise on response times and response accuracy, during the Eriksen
flanker test (Eriksen & Eriksen, 1974). Likewise, one fMRI study also applied a graded maximal
exercise test to evaluate the acute influences of aerobic exercise on response times, and response
accuracy, during 0-, 1-, and 2-back as a function of aerobic fitness (Li et al., 2019).
The use of the graded maximal exercise test to evaluate the influences of aerobic exercise
on inhibition (Themanson & Hillman, 2006) and working memory (Li et al., 2019) indicates past
investigations on the influences of regular aerobic exercise on executive functions. As Li and coworkers (2019) have explained regular participations in aerobic exercise can influence a person’s
response to acute periods of aerobic exercise on executive functioning. More precisely Li and coworkers (2019) found that those who participated in regular aerobic exercise, as ascertained by a
mean maximal oxygen reuptake value of 26.50 ml/kg/min during a graded maximal exercise test,
showed a greater BOLD contrast in the left anterior cingulate cortex, in comparison to those who
were less physically active as ascertained with a mean maximum oxygen reuptake value of 19.86
ml/kg/min, during the graded maximal exercise test. These findings were observed, in relation to
the patterns of brain activation observed, while participants performed 2-back, following the end
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of 20 min of cycling at 60-69% heart rate reserve, in comparison to the findings reported after 30
min of seated rest (Li et al., 2019). At a broader level, these results provide evidence for the view
that aerobic fitness, also referred to as cardiorespiratory fitness within the literature (for example,
see Li et al., 2019), regulates the effects of acute aerobic exercise on inhibition, in that those who
show a greater blood flow and oxygen consumption during exercise, also show increased oxygen
in the PFC in comparison to those who are less able to pump blood flow and oxygen.
With respect with inhibition the graded maximal exercise test has also been employed for
the assessments of the acute influences of aerobic exercise on executive functioning. Themanson
and Hillman (2006) found that those with a higher aerobic fitness, as ascertained from an average
maximal oxygen reuptake value of 56.3 ml/kg/min, showed a greater P e amplitude in comparison
to those with lower aerobic fitness, as ascertained through an average maximum oxygen reuptake
value of 38.7 ml/kg/min, during a graded maximal exercise test. These findings were observed in
relation with the EEG activity observed over areas of the anterior cingulate cortex as participants
demonstrated errors during the Eriksen flanker task (Eriksen & Eriksen, 1974) following the end
of the graded maximal exercise test, in comparison to performing the Eriksen flanker task after a
30 min period of seated rest (Themanson & Hillman, 2006). Together, the above literature points
to how the graded maximal exercise test has been used to evaluate the influence of various levels
of aerobic fitness, on executive functioning, in which participants are classified as demonstrating
a high or low level of aerobic fitness (Li et al., 2019; Themanson & Hillman, 2006).
5.5 Towards Neural Correlates of Stress and Exercise Effects on Executive Functioning
As the Introduction has discussed, the present scoping review was motivated by evidence
that postulates acute experiences with psychosocial stress, as well as acute experiences of aerobic
exercise, are associated with changes in PFC functioning. Because various areas of the PFC have
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been proposed to be involved in executive functions (for a discussion, see Diamond, 2013), I was
consequently interested in whether the effect of psychosocial stress on PFC function during tasks
that predicate on flexibility, inhibition, and/or working memory may be modulated through acute
participations in aerobic exercise. The results of my scoping review suggests that this may be the
case. More precisely, modified variations of the TSST (Kirschbaum et al., 1993) were associated
with increased BOLD in the ventromedial PFC (van Ast et al., 2016) as well as decreased BOLD
within the dorsolateral (Luettgau et al., 2018) and dorsomedial (Van Ast et al., 2016) PFC during
working memory tasks. For inhibition, the TSST (Kirschbaum et al., 1993) was associated with a
greater BOLD contrast in regions of the frontal gyrus in participants who performed an inhibition
task (Chang et al., 2020b).
In comparison, variations of cycling were associated with changes in the concentration of
oxygen in the dorsolateral PFC in participants who performed inhibition tasks (Endo et al., 2013;
Faulkner et al., 2016; Ochi et al., 2018b; Yanagisawa et al., 2010). When participants walked for
approximately 20 min, walking was associated with decreased N2 amplitude among women who
performed a modified Go/NoGo task in comparison to women who performed the task following
seated rest of a comparable duration (Hwang et al., 2019). Finally, cycling was also associated to
changes in BOLD contrast in the PFC in women who performed working memory tests (Li et al.,
2014).
5.5.1 Stress and Exercise Effects on Inhibition
With women, regular aerobic exercise has been associated with an increase in oxygenated
hemoglobin concentrations in the right inferior frontal gyrus while participants performed Stroop
tasks (Dupuy et al., 2015). More precisely, Dupuy et al. (2015) observed that those who achieved
a mean maximal oxygen reuptake value of 46.6 ± 7.0 ml/min/kg showed higher concentrations in
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oxygenated hemoglobin in the right inferior frontal gyrus while performing incongruent trials for
a modified Stroop task in comparison to the fNIRS findings observed among those who achieved
an average maximum oxygen reuptake value of 36.4 ± 5.3 ml/min/kg during the graded maximal
exercise test. At the behavioural levels, women who achieved a mean maximum oxygen reuptake
value of 46.6 ± 7.0 ml/min/kg during the graded maximal exercise test exhibited quicker reaction
times as well as a statistical trend towards greater response accuracy, during incongruent trials of
the modified Stroop test in comparison to the response accuracy and response times observed for
those who achieved a mean maximum oxygen reuptake value of 36.4 ± 5.3 ml/min/kg during the
graded maximal exercise test (Dupuy et al., 2015).
As Table 1 indicated, the above literature complements the results that Endo et al. (2013),
Faulkner et al. (2016), Ochi et al. (2018b), as well as Yanagisawa et al. (2010) have found. From
a general level such studies provide evidence for the involvement of the dorsolateral (Endo et al.,
2013; Hwang et al., 2019; Faulkner et al., 2016; Ochi et al., 2018b; Yanagisawa et al., 2010) and
the ventrolateral (Dupuy et al., 2015) PFC, in the context of exercise-induced changes, in various
inhibition tests. Moreover, the findings that Dupuy et al. (2015) found in women complement the
findings reported by the above literature, in that women with greater aerobic fitness show greater
oxygenation levels in the PFC, by comparison to women with lower aerobic fitness. However, as
Endo et al. (2013), Faulkner et al. (2016) nor Yanagisawa et al. (2010) did not specify the fitness
level of participants, the findings from these studies can only be interpreted within the context of
the effects of acute aerobic exercise on assessments of inhibition.
Together, the above literature provides support for the view that different types of aerobic
exercise are associated with quicker response time, as well as an increase in the concentrations of
oxygenated hemoglobin, in the dorsolateral (Endo et al., 2013; Faulkner et al., 2016; Yanagisawa
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et al., 2010), and ventrolateral (Dupuy et al., 2015) regions of the PFC. More precisely, Dupuy et
al. (2015) provide support for the view that regular participations in aerobic exercise, as assessed
with the mean maximal oxygen reuptake value attained during a graded maximal exercise test, is
associated with better inhibition in comparison to lower levels of aerobic exercise. It is, however,
important to keep in mind that Dupuy et al. (2015) only evaluated women. With the exception of
Endo et al. (2013) in which 5 men, and 8 women, were evaluated, the other articles are restricted
to a predominantly male-only sample. As Appendix D suggests, Faulkner et al. (2016) evaluated
17 men whereas Yanagisawa et al. (2010) evaluated 17 men and 3 women. Because of these, the
position that different forms of aerobic exercise are associated with improved inhibition, appears
premature as a small number of studies have provided evidence in support of it and these studies
represent unequal proportions of men and women. As such, future research is necessary in order
to provide further evidence for the view that aerobic exercise, such as cycling, is associated with
improvements in response times as well as changes in the concentration of PFC oxygenation, by
studies that evaluate exercise-related changes in inhibition. Variations of the Stroop test (Stroop,
1935) should be used to assess inhibition in this respect, as the incongruent condition of the task
can theoretically evaluate subcomponents of inhibition. Since optimal performance during these
trials demand the integration of selective attention, conflict monitoring, and interference control
in a goal-directed manner (Diamond, 2013; Guiney & Machado, 2013; Scarpina & Tagini, 2017;
Stroop, 1935) the Stroop paradigm provides an opportunity to assess the role of aerobic exercise
on the inhibitory component of executive functioning.
Previous EEG research has demonstrated stressor-induced changes in regions of the PFC,
when participants performed modified variations of the Go/NoGo test (Dierolf et al., 2017, 2018;
Jiang & Rau, 2018). For instance Dierolf et al. (2018) as well as Jiang and Rau (2017) found that
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increased P3 amplitude was observed, when participants needed to withhold from responding for
the Go/NoGo task following the cessation of acute stress by comparison to what was observed in
participants who performed NoGo trials, following the cessation of a control, non-stressful event.
The above literature did not consistently report stress-induced changes in response accuracy, and
stressor-induced changes with reaction time, during the NoGo trials (for an example, see Jiang &
Rau, 2017). Because P3 amplitude is thought to reflect one’s withdrawal of a prepotent response
(Dierolf et al., 2017, 2018) the results suggest that acute stress modulates neuroelectrical activity
in regions of the dorsolateral PFC, during variations of the Go/NoGo, even when response times
as well as response accuracy may be unaffected by acute stress. Although these findings provide
evidence for the involvement of the dorsolateral PFC in response inhibition following stress it is
critical to consider methodological differences in the above literature in comparison with that of
Chang et al. (2020b).
One commonality was that, Chang et al. (2020b), Dierolf et al. (2018), and Jiang and Rau
(2017) employed the TSST (Kirschbaum et al.,1993) to produce acute psychosocial stress. At the
same time, these studies differed with one another, with respect to the non-stressful situation that
was used in each study. Participants in the study by Chang et al. (2020b) performed the TSST by
themselves, in that the speech task as well as the arithmetic task was performed without negative
social evaluation. By comparison, participants in the study by Dierolf et al. (2018) performed the
TSST in front of a reaffirming committee in that the speech test as well as the arithmetic test was
performed in front of figures of authority who provided positive feedback. For participants in the
study by Jiang and Rau (2017) a non-stressful situation was created by instructing participants to
read, and then perform a serial subtraction task. Jiang and Rau (2017) did not specify whether the
control manipulation of stress was performed alone. Because the above literature differed by how
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situations of eustress, or a situation the individual appraises to benefit his or her well-being (for a
definition on eustress, see Mill et al., 2018), were applied to which the acute effect for TSST was
compared, the stress-induced changes in response inhibition findings reported were associated to
different stress manipulations. For this reason, the findings reported from the above literature are
difficult to compare with one another without exercising cautious interpretation.
In addition, the above literature evaluated response inhibition by a different manner from
one another. Chang et al. (2020b) used the stop-signal task, whereas Dierolf et al. (2018), as well
as Jiang and Rau (2017), used modified variations of Go/NoGo. Previous literature has proposed
that, although stop-signal tasks and Go/NoGo tasks involve regions of the PFC, including that of
the frontal gyrus (Cai et al., 2014), different stages of inhibition are evaluated in each. With stopsignal tasks, the need to execute inhibition arises when a stop signal shortly follows the go signal
(Chang et al., 2020b; Raud et al., 2020) in comparison with Go/NoGo tasks, in which the need to
execute inhibition arises when the NoGo signal appears at the beginning of a given trial (Jiang &
Rau, 2017; Raud et al., 2020). Because of this, successful inhibition in stop-signal tasks arises as
a result of withholding an already initiated motor response but successful inhibition in Go/NoGo
tasks arises as a result of preventing oneself from initiating a response. By this manner, although
stop-signal tasks and Go/NoGo tasks commonly involve areas of the PFC (Cai et al., 2014), it is
incorrect to infer that stop-signal, and Go/NoGo, tasks evaluate the same stages of inhibition. As
Chang et al. (2020b) used a stop-signal task, while Dierolf et al. (2018) as well as Jiang and Rau
(2017) used a Go/NoGo task, to evaluate inhibition, the stress-induced changes in inhibition that
these studies reported, reflect investigations on inhibiting an already initiated motor response, as
is the case in the stop trials for the stop-signal task, or investigations on inhibiting an anticipated
but an unlikely already initiated motor response, as is the case in NoGo trials with the Go/NoGo
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task. As such cautious interpretation should be exercised when comparing the results that Chang
et al. (2020b) observed in relation with previous literature, such as the studies, by Jiang and Rau
(2017) and Dierolf et al. (2018).
Moreover, it is important to keep in mind that Chang et al. (2020b) employed fMRI while
previous literature has commonly employed EEG (Dierolf et al., 2017, 2018; Jiang & Rau, 2017)
for the assessment of stress-induced changes in inhibition. Again, this limits the comparability of
findings because fMRI provides different information about brain activity, in comparison to EEG
(Bunce et al., 2006). EEG detects changes in the combined electrical activation from networks of
neurons, over a particular period of time (Blinowska & Durka, 2006; Lotte et al., 2015; Michel &
Murray, 2012; Müller-Putz et al., 2015) and fMRI theoretically distinguishes changes in oxygencarrying cerebral blood flow (Bandettini, 2009; Detre, 2006; Specht, 2020; Sutton et al., 2009) in
response to a particular event. Accordingly the finding that the TSST is associated with increased
BOLD contrast in regions of the frontal gyrus (Chang et al., 2020b) complements the finding that
the TSST is associated with an increase in P3 amplitude (Dierolf et al., 2018; Jiang & Rau, 2017)
as well as changes in N2 amplitude (Dierolf et al., 2017), N2 latency (Jiang & Rau, 2017, as well
as P3 latency (Jiang & Rau, 2017). For the reasons described previously, however, the results the
above literature reported should be compared to one another with caution due to variability in 1.)
stress manipulation; 2.) cognitive task; and 3.) neuroimaging instrumentation.
5.5.2 Stress and Exercise Effects on Working Memory
With respect to working memory, there is evidence to suggest the involvement of the left
anterior cingulate cortex during working memory tasks, following an exercise intervention (Li et
al., 2019). For instance, Li et al. (2019) reported that higher aerobic fitness was associated with a
greater BOLD contrast for the left anterior cingulate cortex for women who performed n-back by
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comparison to women of low aerobic fitness, following 20 min of moderate intensity cycling. As
Table 1 suggests these findings complement those that Li et al. (2014) found by showing that the
acute effects of various forms of aerobic exercise may be modulated by aerobic fitness. Although
the study by Li et al. (2019) examined the interaction between acute and chronic aerobic exercise
on working memory performance and is consequently beyond the scope of my review, the results
from their study are worth mentioning in that aerobic exercise of a varying duration (acute versus
chronic) may be associated with concentration changes in oxygenation in the PFC in women who
completed assessments of working memory.
As Table 1 also suggests Li et al. (2014) reported that cycling was associated with similar
response accuracy, during working memory tasks in women. Using an identical working memory
paradigm as that of Li et al. (2014), Li et al. (2019) reported cycling was associated with reduced
response accuracy, during working memory tasks in women. Because Li and co-workers selected
identical working memory tests, participants may have been more or less motivated to accurately
perform their working memory tasks. Within this line of reasoning, it is possible that some of the
women in the study by Li et al. (2019) were more motivated to perform the tasks accurately, than
others, and the group differences reported in response accuracy may consequently result from the
influence of factors other than the aerobic fitness of participants, the exercise intervention, and/or
the difficulty imposed by assessments of working memory.
This review also observed evidence for the involvement of the PFC in studies of stressorinduced changes for working memory. For instance, Luettgau et al. (2018), Qin et al. (2009), and
Van Ast et al. (2016) each found stressor-induced decreases in BOLD contrast in the dorsolateral
PFC, by participants who performed 2-back. This finding is in contrast with evidence from fMRI
research using a modified cold pressor task to induce acute stress and evaluated working memory
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using a modified variant of the Sternberg item recognition task (Sternberg, 1969). For instance, a
study by Porcelli et al. (2008b) found an increased BOLD contrast within the dorsolateral PFC in
participants, who performed a modified Sternberg item recognition task (Sternberg, 1969) amid a
modified version of the cold pressor task in comparison to the BOLD contrast found for this PFC
region when the item recognition test was performed amid either a no-water or room temperature
water control situation. The discrepancy may be attributed to variation in study methodology. To
illustrate, Luettgau et al. (2018) and Van Ast et al. (2016) used a modified TSST to induce stress
in participants while Porcelli et al. (2008b) used a modified cold pressor task. In addition, Qin et
al. (2009), Luettgau et al. (2018), and Van Ast et al. (2016) each used n-back, for the assessment
of working memory, whereas Porcelli et al. (2008b) used item recognition.
In the original cold pressor test, the participant immerses his or her hand in cold water for
a few minutes (Hines & Brown, 1936). Porcelli et al. (2008b) utilized a similar version of the test
in which the participant immersed his or her hand in cold water, room temperature water, as well
as no water, to induce differential states of acute stress. Although stressor-induced changes in the
concentration of salivary cortisol were not evaluated by Porcelli et al. (2008b) a cold pressor task
does not generally elevate salivary cortisol responsiveness with participants (for a discussion, see
Schwabe et al., 2008). In addition Porcelli et al. (2008b) employed a cold pressor test that did not
comprise any components for negative social evaluation, such as performing the task in front of a
video camera (Schwabe et al., 2008) that, based on a meta-analysis of previous literature, appears
to be the only variation of the cold pressor task that theoretically increases salivary cortisol levels
as an indicator of psychosocial stress (Dickerson & Kemeny, 2004). For these reasons, the stressinduced increases for BOLD contrast within the dorsolateral PFC during an item recognition task
were associated with different components of acute stress in comparison to those of the TSST, as
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participants in the study by Porcelli et al. (2008b) did not perform a speech nor serial subtraction
in front of an evaluating committee, as was the case for participants in the studies by Luettgau et
al. (2018) and Van Ast et al. (2016).
Other than the methodological differences discussed above, the included literature on the
effects of acute stress on working memory differed in other aspects of study methodology within
the context of the broader literature. For instance, Porcelli et al. (2008b) utilized a modified item
recognition task (Sternberg, 1969), while Luettgau et al. (2018), Qin et al. (2009) as well as Van
Ast et al. (2016) utilized variations of n-back, to assess working memory. While these tasks may
both involve the PFC in general (Cai et al., 2014) item recognition primarily involves the search
component of working memory, whereas n-back primarily involves information maintenance as
well as information retrieval (Unsworth & Engle, 2007). As such, discrepant findings, related to
stressor-induced concentration changes in cerebral blood flow in the dorsolateral PFC should be
interpreted within the context of methodological differences among the articles included for my
review (Luettgau et al., 2018; Qin et al., 2009; Van Ast et al., 2016) in association with broader
literature (Porcelli et al., 2008b).
5.5.3 Stress and Exercise Effects on Flexibility
Studies that tested the acute influence of aerobic exercise upon flexibility were excluded
for violating at least one of my requirements for inclusion (see Section 3.4). In spite of this, it is
worth discussing the current evidence, with respect to exercise-induced alterations on flexibility.
For situations that require switching, between alternating task demands, acute periods of aerobic
exercise has been associated with quicker response time, and alterations in the P3 component of
event-related potentials, that suggest improved task awareness (Bae & Masaki, 2019). One EEG
study has, for instance, reported faster response time, a trend towards greater response accuracy,
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increased P3 amplitude and decreased P3 latency in participants who performed a switching test
following 30 min of walking or running at 70% maximal heart rate, by comparison to that found
in participants who performed these tasks following 30 min of seated rest (Bae & Masaki, 2019).
These findings were proposed to occur, as a result of exercise-induced arousal, by a manner that
enhanced task performance. More precisely, the exercise-induced improvements, with respect to
response times, occurred because exercise resulted in arousal which in turn resulted in narrowed
attention (Bae & Masaki, 2019). Since the P3 component of event-related potentials may reflect
information processing, conflict monitoring as well as with action selection (Dierolf et al., 2017,
2018), the exercise intervention was interpreted to result in arousal that remained in participants
during the switching task that followed, which benefitted performance speed while keeping task
accuracy somewhat unaffected (Bae & Masaki, 2019).
Finally, it is worth discussing evidence of stress-induced changes on flexibility within the
broader literature. There is evidence in this topic that emerged during my literature search but did
not meet the requirements for inclusion in this review. In one example, Kalia et al. (2018b) found
that improvements in perseveration, or the ability to learn and execute a new response in favor of
a previously accurate, but now task-irrelevant response, were associated, with greater oxygenated
hemoglobin concentration within the left dorsolateral PFC, for men who performed a variation of
the Wisconsin Card Sorting Task (Heaton, 1993) following a socially evaluative cold pressor test
in comparison to the findings observed before the cold pressor task began. In a classic Wisconsin
Card Sorting Task (Heaton, 1993), the participant sorts cards using one of multiple possible rules
and the participant learns which sorting rule is correct, based on limited feedback. As such, Kalia
et al. (2018b) provided evidence for the involvement of the PFC during tasks that require flexible
behaviour in the form of switching between multiple thought modalities and the role of a socially
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evaluative variation of physical stress. Yet, this study was excluded, during study selection, since
the stress manipulation combined psychosocial stress and physical stress and would have made it
difficult to isolate the influence of physical discomfort from that of negative social evaluation, on
flexibility. As such, future research is needed to provide evidence for the involvements of the left
dorsolateral PFC in the context of stressor-induced improvements in perseveration by studies that
utilize psychosocial stressors, such as variations of the TSST or MIST.
5.6 Implications of the Cortisol Stress Response on Inhibition and Working Memory
From the studies selected from the stress literature, it is worth noting findings of stressorinduced changes in the cortisol response, and whether these changes were associated with stressinduced changes in PFC function as well as executive functioning. Because this review included
four studies from the stress literature, and because these studies varied by methodology, the data
reported from these studies must be compared to one another with caution.
Of the four studies included from the stress literature, Luettgau et al. (2018) was the only
study, in which participants were classified as cortisol responders, or cortisol non-responders. In
particular, Luettgau et al. (2018) found that, of the 28 participants, approximately 80% showed a
TSST-related increase in the cortisol response, defined as a 1.25 nmol/l cortisol increase relative
to the cortisol levels reported prior to stress onset. Yet, although the TSST was associated with a
decrease in oxygenated cerebral blood flow within the right dorsolateral PFC during 2-back, this
was not associated with TSST-induced increases in the cortisol response. Here, it is important to
note that Luettgau et al. (2018) did not perform these correlational analyses separately, for those
classified as cortisol responders, and for those classified as cortisol non-responders. As previous
research has demonstrated that cortisol responders may recruit PFC regions different from those
recruited by cortisol non-responders during an acute psychosocial stressor (Dedovic et al., 2009;
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Pruessner et al., 2008), the observation that the TSST-related increases in cortisol level were not
associated with TSST-induced decreases in PFC oxygenation, as Luettgau et al. (2018) reported,
may reflect how these analyses were performed.
As mentioned previously, the remaining included studies from the stress literature did not
categorize participants as cortisol responders and non-responders (Chang et al., 2020b; Qin et al.,
2009; Van Ast et al., 2016). Here, Chang et al. (2020b) reported that TSST-related increases with
the cortisol response were not associated with the TSST-related increases in oxygenated cerebral
blood flow in the bilateral medial/superior frontal gyrus during the stop-signal test. In the studies
by Qin et al. (2009) and Van Ast et al. (2016) a higher cortisol response to the stressor induction
method was at times associated with a deterioration in performance during n-back tasks.
Although the stress group in the study by Van Ast et al. (2016) performed slower and committed
more errors during the modified n-back task, in comparison to the control group, Van Ast et al.
(2016) did not analyze whether TSST-related increases in cortisol responsiveness were
associated with TSST-induced changes in PFC oxygenation.
By comparison, Qin et al. (2009) observed that those women who demonstrated a greater
cortisol response to an emotional stressor performed slower during the n-back tasks as well. Qin
et al. (2009) also observed women who demonstrated higher stressor-related increases in cortisol
responsiveness also showed a greater oxygenation within the anterior cingulate cortex relative to
women who showed comparatively lower stressor-related increases in cortisol release. Although
Chang et al. (2020b) and Van Ast et al. (2016) used modifications of the TSST (Kirschbaum et
al., 1993) to produce a momentary stressor in participants, Qin and co-workers used violent
scenes from Irréversible by Gaspar Noé (2002) to produce an acute stressor in participants (Qin
et al., 2009; for details, see Table 1).
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To summarize, evidence from the included literature indicates that experiencing an acute
stressor can be associated with improvements in inhibition (Chang et al., 2020b), yet decrements
in working memory performances (Qin et al., 2009; Van Ast et al., 2016) and that these stressorrelated changes in core executive functions involve alterations in prefrontal oxygenation (Chang
et al., 2020b; Luettgau et al., 2018; Qin et al., 2009; Van Ast et al., 2016). Yet, as noted above, it
is imperative to recognize methodological differences in stressor induction, the type of executive
function assessed, how each executive function was examined, as well as the observation that, of
the four selected studies, only one study classified participants as a cortisol responder or cortisol
non-responder (Luettgau et al., 2018). As such, the view that acute stress may be associated with
changes in core executive functions, which in part involves changes in prefrontal oxygenation, is
premature and warrants further investigation. To that end, future research may wish to categorize
participants as cortisol responders or cortisol non-responders and, within each group, perform the
statistical analyses to ascertain whether stressor-related changes in executive functioning, as well
as whether stressor-related changes in prefrontal oxygenation, may be explained, from individual
differences in stressor-related changes in cortisol release. Here, future research may wish to refer
to the articles by Dedovic et al. (2009), and Pruessner et al. (2008), as a starting point in terms of
how the associations above can be statistically analyzed.
5.7 Recommendations for Future Research
This section provides recommendations for future research on PFC involvement in stressand aerobic exercise-related changes in flexibility, inhibition, and working memory. Because the
present review is based on evidence, from ten studies, recommendations reflect the methodology
and findings reported from the selected studies within the context of available evidence from the
broader literature. Nevertheless, these recommendations should be interpreted with caution. The
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literature on the general involvement for aerobic exercise on stress-related changes in flexibility,
inhibition, or working memory, as well as the involvement of the PFC in this respect, will likely
evolve with time. As evidence in this topic evolves, recommendations for research practice may
change from those reported here.
5.7.1 Recommended Interventions of Acute Psychosocial Stressors
To begin, future research may want to consider tasks that combine a cognitive task, such
as mental arithmetic, with a speech task within a situation perceived as uncontrollable as well as
socially threatening to the participants. Tasks that comprise all of these components are thought
to reliably increase cortisol release from the HPA system (Dickerson & Kemeny, 2004). To that
end, variations of the TSST (Kirschbaum et al., 1993) may be used to induce acute psychosocial
stress in participants. Because observing PFC function during a speech task may be difficult (for
one example see Rosenbaum et al., 2018), future research may want to consider variations of the
MIST (Dedovic et al., 2005), as well as variations for a socially evaluative serial subtraction task
(Wang et al., 2005) to produce acute psychosocial stress in participants. Variations of the MIST
(Dedovic et al., 2005), as well as variations of a socially evaluative serial subtraction task (Wang
et al., 2005), have been shown to activate the HPA axis within a neuroimaging environment, and
may be consequently used to produce acute psychosocial stress in participants. For a list of tasks
that activate the HPA axis, and may consequently influence PFC function, future research might
want to refer to the meta-analysis by Dickerson and Kemeny (2004).
By comparison, the literature search performed in the present review retrieved studies, by
which the acute stress induction method employed was inappropriate. For example, past research
has employed a modified Stroop task to induce acute stress in participants (Gianaros et al., 2006)
which, based on the available evidence on tasks that reliably activate the HPA axis (Dickerson &
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Kemeny, 2004), is not designed to produce acute stress in participants. Rather, Stroop (1935) has
designed this test to allow researchers to assess inhibition within a laboratory setting. Though the
Stroop task might be subjectively stressful to perform, particularly when participants perform the
incongruent condition of the test, the Stroop test has not been shown to reliably activate the HPA
axis. In other cases, participants have reported that a modified Stroop test was positive for one to
experience (Summers et al., 1999). To that end, future research should consider employing tasks
other than variations of the Stroop task (Stroop, 1935) to induce acute stress. Future studies may
also want to consider against the use of violent film to induce acute psychosocial stress. Here, it
is important to recognize that viewing violence can be stressful, insofar as the experience results
in an activation of the HPA system. Yet, such experience represents emotional stress rather than
psychosocial stress due to the absence of negative social evaluation (Qin et al., 2009). This may
still be used to induce acute stress in participants, as long as researchers are aware that this type
of stress does not technically represent psychosocial stress.
5.7.2 Recommended Interventions of Acute Aerobic Exercise
Next, future research may want to consider using ergometer cycling or treadmill walking
to induce an acute participation in aerobic exercise of moderate intensity in participants. The use
of ergometer cycling (Endo et al., 2013; Li et al., 2014, 2019; Ochi et al., 2018a, 2018b; Rejeski
et al., 1992; Wang et al., 2015; Yanagisawa et al., 2010) or treadmill walking or running (Bae &
Masaki, 2019; Hwang et al., 2019; Lowe et al., 2017; Pontifex et al., 2008) appears to be used to
induce acute aerobic exercise of moderate intensity. Moreover, the available evidence postulates
that ergometer cycling is commonly used to assess exercise-related changes on inhibition (Endo
et al., 2013; Faulkner et al., 2016b; Ochi et al., 2018a, 2018b; Yanagisawa et al., 2010), whereas
treadmill walking or running is commonly used to assess exercise-induced changes in flexibility
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(Bae & Masaki, 2019), inhibition (Hwang et al., 2019; Lowe et al., 2017), and working memory
(Pontifex et al., 2008). In selecting the exercise intervention to utilize, to assess the influence of
the intervention on the core executive functions, future research may wish to consider the above
evidence. For instance, the available evidence has not used ergometer cycling to assess exerciserelated changes in flexibility or working memory whereas treadmill exercise has been employed
to assess exercise-related changes in these core executive functions, which are important for one
to consider, in designing the exercise intervention to assess the effect of the intervention, on any
of the core executive functions.
5.7.3 Recommended Assessments of Inhibition
To assess the involvement of the PFC during stress-induced changes in inhibition, future
research may want to consider variations of the Go/NoGo task, variations of the stop-signal test,
or variations of the Stroop (Stroop, 1935) task to assess inhibition. The current review is limited
to one study, which assessed the involvement of the PFC in stress-induced changes in inhibition
(Chang et al., 2020b). This study used a variation of the stop-signal test to assess inhibition. Yet,
as discussed in the Introduction, the stop-signal task is not the only available test to evaluate this
core executive function (Diamond, 2013). Previous research has used variations of the Go/NoGo
task (Dierolf et al., 2017, 2018; Jiang & Rau, 2017) or variations of the Stroop test (Dupuy et al.,
2015) to assess inhibition in participants depending on the components of inhibition under study.
As the Introduction has discussed, variations of a Stroop task evaluate components of inhibition,
which in part vary from the components of inhibition, that variations of Go/NoGo or stop-signal
tests evaluate (Diamond, 2013). For these reasons, future research may want to carefully adopt a
test that, based on evidence from previous reviews, is designed to evaluate the inhibition aspects
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of interest for researchers. To that end, future research may wish to refer to Diamond (2013), for
a list of well-established tasks that are designed to assess inhibition.
However, it is important to recognize that performance on inhibition tasks are difficult to
isolate from the influences of other executive functions, such as flexibility and working memory
(Diamond, 2013). For example, inhibiting a natural tendency in favor of a less natural response
requires the participant to hold in his or her mind, which information to ignore, and at the same
time reassure that he or she makes the appropriate response, when task demands change. For this
reason, future research may want to modify the inhibition test selected, whether it is a variation
of a Go/NoGo, stop-signal, or a Stroop task, to ensure that the inhibition features of interest are
assessed by the test while, at the same time, minimizing the influence of the other executive
functions, such as processing speed and working memory, on task performance. Here, future
research may wish to refer to Diamond (2013) for reference.
To test the involvement of the PFC during aerobic exercise-related changes in inhibition,
future studies may want to consider using variations of the Go/NoGo task, variations of the stopsignal task, or variations of the Stroop (Stroop, 1935) task. Here again, future research may want
to adopt an inhibition task that is designed to assess the components of inhibition of interest. For
instance, variations for the Stoop test (Stroop, 1935) have been employed to assess the influence
of various types of aerobic exercise on inhibition (Dupuy et al., 2015; Endo et al., 2013; Ochi et
al., 2018a, 2018b; Yanagisawa et al., 2010). Here, some authors employed a Stroop test marked
by a congruent condition, as well as an incongruent condition (Endo et al., 2013; Faulkner et al.,
2016), whereas other authors employed a Stroop test characterized by a congruent condition, an
incongruent condition, as well as a neutral condition (Yanagisawa et al., 2010). Recently, a new
condition has been applied in modifications of the Stroop task. Here, the participant responds to

64

the word itself and ignore the fact that the colour-word stimulus appears in ink that differs from
what the word suggests (“red” shown in blue ink; Dupuy et al., 2015; Sibley et al., 2006).
As previously mentioned, it can be difficult to isolate the effect of inhibition, from those
of other executive functions, such as processing speed, that are not considered as core executive
functions (Diamond, 2013). In the above condition of the Stroop task, performance is compared
in this “switching” condition in comparison to performances in the incongruent condition. Here,
successful inhibition is assumed when faster response times and/or better accuracy are observed
for the incongruent condition in comparison to the switching condition (Sibley et al., 2006). If a
participant does not show a deterioration in his or her performance in this respect, such as cases
when the above behavioral measures are comparable in the incongruent condition, with those in
the switching condition, then exercise-related improvements during the Stroop test, is attributed
to inhibition, as well as to other executive functions (Sibley et al., 2006). To that end, in cases a
future study is interested in using the Stroop test to evaluate inhibition, researchers may want to
develop a variation of the task that includes a neutral condition, an incongruent condition, and a
switching condition. A congruent condition can be included as well. Yet, the available evidence
suggests that comparing response times during the neutral condition, with the response times in
the incongruent condition, yields a greater Stroop effect, than comparing response times during
the congruent condition with the reaction times in the incongruent condition (Yanagisawa et al.,
2010). For this reason, it is less imperative to include a congruent condition, than it is for future
research to ensure that the Stroop task includes a neutral condition, an incongruent condition as
well as a switching condition. For previous research, which employed a switching condition, to
assess aerobic exercise-related changes with inhibition, future research may wish to refer to the

65

studies Dupuy et al. (2015) as well as Sibley et al. (2006) for reference in designing a variation
of the Stroop task that includes a switching condition.
5.7.4 Recommended Assessments of Working Memory
To assess the involvement of the PFC during stress-related changes in working memory,
future studies may wish to consider using variations of the n-back task, or variations of the item
recognition test (Sternberg, 1969) to assess working memory. The current review is restricted to
three studies, which assessed the involvement of the PFC in stressor-related changes in this core
executive function using modifications of the n-back test (Luettgau et al., 2018; Qin et al., 2009;
Van Ast et al., 2016). As discussed in the Introduction, the n-back task is designed to evaluate a
participant’s ability to maintain information, in his or her mind, usually over a duration of a few
seconds and to recognize that information at a later point in time (Diamond, 2013). As such, the
n-back task is recommended to assess stress-related changes in working memory, insofar as one
is interested in evaluating the components of working memory that are associated with the short
term maintenance, as well as recognizing the information held in mind. In comparison, the item
recognition test (Sternberg, 1969) has been used in previous studies, which demonstrated stressrelated changes in working memory (for examples, see Porcelli et al., 2008a, 2008b).
As discussed in the Introduction, the Sternberg item recognition task (Sternberg, 1969) is
designed to assess components of working memory, which in part vary, from the components of
working memory that the n-back task is designed to assess. Here, the Sternberg item recognition
task (Sternberg, 1969) commonly requires a participant to hold multiple items in his or her mind
and to recognize, at a later point in time, whether the target information is present by the current
display. Because of this, the Sternberg item recognition task (Sternberg, 1969) is similar to an nback task, in that both tasks require a participant to maintain as well as recognize information to
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evaluate working memory. Yet, an additional requirement of the Sternberg item recognition test
is the fact that a participant must search through a display of information, which may contain as
many as 16 items, to ascertain whether the display included the target information held in his or
her mind (Sternberg, 1969). To that end, future research may want to consider using a modified
Sternberg item recognition task (Sternberg, 1969), in the event that researchers are interested in
evaluating a participant’s ability to maintain, search for, as well as recognize information.
The present review is limited to a single study, which assessed aerobic exercise-induced
changes in working memory (Li et al., 2014). Here, Li et al. (2014) used a modified n-back task
in which participants indicated whether the current stimulus was a specific letter (0-back), if the
current stimulus was the same as that shown in the previous trial (1-back) or if the current letter
was the same as that displayed two trials previously (2-back). Recently, Li et al. (2019) applied
an n-back paradigm similar to that used by Li et al. (2014). Yet, recent research on how aerobic
exercise is associated with acute alterations on PFC oxygenation during working memory tasks
has used variations of the Sternberg item recognition test (Sternberg, 1969) rather than variants
of an n-back paradigm (Porcelli et al., 2008b). Here, the task used to evaluate working memory
should depend on the components for working memory, in which the experimenter is primarily
interested in evaluating as discussed above. If future research selects an n-back test to evaluate
working memory performance, researchers may wish to modify the test to comprise of a 0-, 2-,
as well as a 3-back condition, or an n-back task with a 1-, 2-, as well as a 3-back condition, for
the reasons discussed below.
Since previous fMRI research indicates that 0- and 1-back are associated with less PFC
involvement in association to 2- and 3-back (Li et al., 2014, 2019; Luettgau et al., 2019; Qin et
al., 2009), future research may wish to employ an n-back test with the above conditions, so the

67

demand imposed upon working memory will be qualified by PFC involvement. Here, trials by
which low working memory load is needed (i.e., 0-, 1-back) should be associated with a lesser
involvement of PFC regions in comparison to trials that impose greater demand upon working
memory (i.e., 2-, 3-back), based on evidence from fMRI studies, in which the n-back task was
employed to assess PFC involvement during working memory performance within the context
of the acute influence of a psychosocial stressor (Luettgau et al., 2018), or aerobic exercise (Li
et al., 2014, 2019), on this core executive function.
In the same manner, future studies may wish to consider against using 0-back as well as
1-back within the n-back task. The available evidence suggests that each of these conditions are
associated with comparable involvement in the PFC (Li et al., 2014, 2019; Luettgau et al., 2018;
Qin et al., 2009), so the use of one of these conditions is more important than the use of both, to
induce a task marked by low working memory load in participants. The condition selected, be it
0- or 1-back, is recommended to be compared against performances during 2- as well as 3-back,
based from evidence, that 2- and 3-back, are associated with the involvement of several areas of
the PFC (Li et al., 2014; Luettgau et al., 2018; Qin et al., 2009; Van Ast et al., 2016). Because a
variety of modified n-back tasks have been used, within the relevant literature, as these research
topics become further investigated, it is imperative for researchers to adopt a well-established nback test that, beyond the studies included in the current review, has been shown to induce both
aerobic exercise- as well as psychosocial stressor-related changes within the PFC.
5.7.5 Recommended Assessments of Flexibility
The present review did not include studies that assessed the core executive function that
is flexibility. This was, in large part, due to the observation that few research has examined this
executive function in relation to how psychosocial stress or aerobic exercise may result in acute
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alterations in PFC function and that, of the studies retrieved from the literature search, all of the
studies met the requirements for exclusion (for details, see Section 5.1 and Section 5.2). Yet, for
researchers interested in examining this core executive function, the review by Diamond (2013)
provides a list of tasks that have been used to assess flexibility. Future research can also refer to
the review by Guiney and Machado (2013) for a list of tests to assess flexibility. Like inhibition
and working memory, flexibility refers to various cognitive processes (Diamond, 2013). To that
end, future research may wish to select the test that may best investigate the sub-components of
flexibility that are of interest for researchers. For instance, although variations of the Wisconsin
Card Sorting Task (Heaton, 1993) are traditionally used to test flexibility (Diamond, 2013), it is
imperative to recognize how this test is presumed to examine flexible behaviour (for details, see
the Introduction), and whether an alternative task should be used, depending on the components
of flexibility under study.
5.7.6 Limitations of Recommendations
In light of the recommendations above, it is important for the reader to keep in mind that
such recommendations were made based on studies demonstrating variability in the intervention
applied to induce an acute psychosocial stressor (Chang et al., 2020b; Luettgau et al., 2018; Van
Ast et al., 2016), the intervention employed to produce acute aerobic exercise (Endo et al., 2013;
Faulkner et al., 2016; Hwang et al., 2019; Ochi et al., 2018b; Yanagisawa et al., 2010) as well as
the task used to evaluate inhibition (Chang et al., 2020b; Endo et al., 2013; Faulkner et al., 2016;
Hwang et al., 2019; Ochi et al., 2018b; Yanagisawa et al., 2010), and working memory (Li et al.,
2014; Luettgau et al., 2018; Qin et al., 2009; Van Ast et al., 2016). The inconsistency in research
methodology makes it challenging to compare the results of these studies to one another without
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exercising caution. As such, it is important to recognize that these recommendations, as previous
sections discussed, are based on limited empirical evidence, which varied in study methodology.
5.8 Methodological Limitations
While this scoping review addressed my research objectives I acknowledge such a review
protocol has limitations. As Appendix A indicates, my database search was restricted to PubMed
and PsycInfo. While the number of databases selected is in line with guidelines, from the scoping
review literature (Arksey & O’Malley, 2005; Peters et al., 2005), it may have excluded published
articles of potential relevance, to our research questions. As I have discussed under Section 3.2, I
circumvented this problem from searching articles through additional sources. I made this choice
prior to performing the literature search, and in accordance with the guidelines, from the scoping
review literature (Arksey & O’Malley, 2005; Peters et al. 2015).
As I have discussed with Section 3.5 my inclusionary criteria (for details, see Section 3.4)
resulted in the inclusion of 4 studies from the psychosocial stress literature and 6 studies from the
aerobic exercise literature. As a result, I summarized and synthesized results, through a relatively
small number of studies. Appendix E exemplifies my reasons for excluding studies showing that,
for the majority of articles retrieved through my literature search, a study was often excluded, for
failing to meet multiple requirements for inclusion such as not assessing executive functioning in
a pre-post manner, as well as excluding neuroimaging. Appendix E does not describe the reasons
for excluding each of the 542 articles that were unqualified for inclusion, but is rather intended to
show my reasons for excluding a proportion of these articles.
Related to my inclusionary criteria I acknowledge that I revisited these over the course of
study selection. As I selected articles for inclusion, I observed that a handful of studies within the
psychosocial stress literature did not measure salivary cortisol responses to stress. For this reason
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and following the approval from my research team, I altered my requirement for a stress study to
measure salivary cortisol responses with the requirement that for the study to be included, it must
have used a stress manipulation, that has been shown to increase salivary cortisol responses. This
implicates that, though I did develop these inclusionary criteria, prior to performing my literature
search, I revisited these criteria, during my literature search. At the same time, evidence suggests
that it is equally imperative to develop inclusion criteria at the outset, as it is to revisit the criteria
during the review process, as researchers become familiar with the literature, being reviewed (for
a discussion, see Badger et al., 2000).
For reasons which Whitley and Ball (2002) have recommended, I also acknowledged that
my qualitative summary can be based from studies with a decreased statistical power. As Table 2
suggests, most of the selected studies did not specify whether the sample size reported was based
on calculating the number of participants required to address the research question. Out of the 10
articles, Li et al. (2014) was the only study that indicated that the reported sample size was based
on what was required to detect the desired effects with P<.05, and a statistical power of .8. Since
none of the remaining studies specified the statistical power associated with their study sample, I
speculate that for those with a sample size below 30 (Field, 2018), my research summary may be
based from studies with a statistical power, below the conventional .80-.95 range (for review, see
Whitley & Ball, 2002). As a result, my scoping review of this literature, must be interpreted with
caution, as the research summary may not accurately reflect the acute influences of psychosocial
stress and aerobic exercise on inhibition and working memory, by the population from which the
study samples were recruited.
Finally, the included studies in the present review, primarily investigated stressor- as well
as exercise-related changes in PFC function at the level of alterations in electrophysiology (EEG)
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and oxygenated cerebral blood flow (fMRI, fNIRS). Yet, previous research has demonstrated the
possibility, for the general involvement of brain-derived neurotrophic factor, a protein that seems
abundant within the brain, in the acute effects of aerobic exercise on brain function (for a review,
see Knaepen et al., 2010). For instance, 30 mins of cycling at a moderate intensity, defined as the
participant’s 60% maximal oxygen reuptake achieved during a graded maximal exercise test, has
been shown to increase the concentration of serum brain-derived neurotrophic factor by men and
women in comparison to the concentration levels observed pre-exercise (Gold et al., 2003). Here,
because brain-derived neurotrophic factor is thought to regulate HPA axis activation (Knaepen et
al., 2010), the acute effect of aerobic exercise, on executive functioning, a process which appears
to involve the PFC (Endo et al., 2013; Faulkner et al., 2016; Ochi et al., 2018b), might reflect the
interplay among several neuroendocrine systems, that are not limited to the HPA system. To that
end, future research may wish to address the involvement of brain-derived neurotrophic factor in
addition to the involvement of cortisol, within the context of the involvement of aerobic exercise
in participants who perform executive function tasks under moderate psychosocial stress.
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Table 2.

Findings of sample size calculations, effect size calculations, and P-values.
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Note. N represents sample size; P represents the cut-off value applied for statistical significance;
under statistical significance threshold, the left column represents the P-values used for response
times and/or response accuracy during the cognitive test applied, and the right column represents
the P-values applied for statistical significance during EEG, fMRI, or fNIRS analysis; g presents
G*Power calculation; ηp2 represents partial eta-squared; d represents Cohen’s d; and r represents
Pearson’s correlation coefficient. Effect size interpretation is based on Cohen (1988) and Lakens
(2013). In the study by Faulkner et al. (2016), [d = .51,.69] represents the effect size reported for
the “colour” and “word” condition of the modified Stroop test, respectively, when their task was
completed following upright cycling in comparison to seated rest; within this study, [d = .36,.51]
represents the effect size reported for the “colour” and “word” condition of the task, respectively,
when completed following supine cycling, by comparison to seated rest; within this study, all d’s
represent effect sizes associated with response times during the Stroop task, keeping in mind that
Faulkner et al. (2016) did not report response accuracy. In the study by Qin et al. (2009) r = .546
represents the effect size associated with the relationship between cortisol responses, prior to the
onset of n-back, and the response times observed, during the task. For clarity, the effect sizes are
summarized with regard to group differences (stress vs. control; exercise vs. control) in response
times and/or response accuracy during the cognitive task applied, as appropriate.
5.9 Methodological Strengths
In the present paper, a crucial strength is that I reviewed a growing topic of the literature.
To the best of my knowledge, the acute effects of psychosocial stress and/or aerobic exercise for
flexibility, inhibition, and working memory, as assessed through diffusion tensor imaging, EEG,
fMRI, fNIRS, MEG, PET, and single-cell recording studies, have not been reviewed to date. For
this reason I believe that a major strength is reviewing 30 years of progress of this literature (see
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Appendix A). In a similar manner, my inclusionary criteria represents a strength with my review
methodology. As can be seen in Section 3.4 and in Appendix B, I created a strict set of inclusion
requirements. While a recent meta-analysis reviewed the literature on stress-induced changes for
these components of executive functioning, the authors also excluded neuroimaging studies, that
recorded PFC activity during assessments of executive functioning (Shields et al., 2016a).
5.10 Conclusion
In conclusion, this scoping review found evidence for the involvement of the PFC, during
tasks that require inhibition and working memory in the aftermath of psychosocial stress or in the
aftermath of aerobic exercise. Findings from the included literatures were summarized, yet future
research is necessary to evaluate the quality of the findings reported from these studies. This may
be achieved in the form of a full systematic review, in order to subject the included literature to a
more conservative review process, with the guideline and principles from the Centre for Reviews
and Dissemination (Centre for Reviews and Dissemination, 2009). However, because the present
review is based on a limited number of studies further studies are recommended in these areas of
the literature before a systematic review is performed in order to provide further evidence for the
acute efficacy of aerobic exercise upon stress-related changes on executive functioning. With the
prevalence of stress for Canadians (Statistics Canada, 2019), the availability of different types of
aerobic exercise provides an opportunity to evaluate their ability to help individuals manage dayto-day stressors. The results of this review suggest the utility of EEG, fMRI as well as fNIRS for
future research on the role of aerobic exercise on stress-related changes on executive functioning
within the general population.
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