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Abstract

A single bout of aerobic exercise improves executive function (EF) and is a benefit,
in part, attributed to an increase in cerebral blood flow (CBF). It is, however, unknown
whether a postexercise EF benefit mitigates mental fatigue (MF). My thesis assessed EF prior
to and following separate 20-min conditions of active and passive cycle ergometry and a non-
exercise control. Subsequently, a 20-min psychomotor vigilance task (PVT) was employed to
determine whether the exercise intervention(s) decreased susceptibility to MF. Transcranial
Doppler ultrasound was used throughout the protocol to estimate exercise- and PVT-based
changes in CBF. Both exercise conditions increased CBF and produced a postexercise EF
benefit. In turn, the PVT decreased CBF and increased subjective and objective measures of
MEF; however, frequentist and Bayesian statistics indicated the preceding exercise condition
did not ameliorate these changes. Accordingly, exercise did not provide a neuroprotective

mechanism mitigating MF in a sustained vigilance task.
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Summary for Lay Audience

Executive function refers to cognitive processes that regulate activities of daily living.
A single bout of volitional aerobic exercise (i.e., active exercise) provides a ‘boost’ to
executive function and is a benefit that has been linked to an exercise-based increase in brain
blood flow. Passive exercise, wherein movement is generated via an external force (e.g.,
mechanically driven stationary bike) provides a similar postexercise executive function
benefit and associated increase in brain blood flow. In contrast, mental fatigue impairs
executive function and is associated with a reduction in brain blood flow. It is, however,
unknown whether passive and active exercise lessen the performance decline experienced
during a mental fatigue inducing task and whether this is linked to the documented
postexercise executive function benefit. Accordingly, I had participants complete an
executive function task prior to and immediately following separate conditions involving 20
minutes of passive and active stationary bike riding as well as a non-exercise control
condition. Subsequently, participants completed a 20-min psychomotor vigilance task (PVT)
to determine whether a postexercise executive function benefit mitigates subjective and
objective measures of mental fatigue. As well, transcranial Doppler ultrasound was used to
measure middle cerebral artery velocity to determine potential links between brain blood
flow with exercise, executive function and mental fatigue. As expected, both exercise
conditions increased brain blood flow and improved executive function. Notably, completing
an exercise condition in advance of the PVT did not mitigate subjective and objective
measures of mental fatigue or an associated decrease in brain blood flow. Accordingly, my
findings demonstrate that passive and active exercise provide a selective benefit to executive

function that does not extend to reducing a mental fatigue-induced performance decline.
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Chapter 1

1 Literature Review

The primary goal of my thesis was to examine whether the documented single bout of
active and passive exercise postexercise executive function (EF) benefit mitigates
objective and subjective measures of mental fatigue (MF) associated with a sustained
attention/vigilance task (i.e., psychomotor vigilance task: PVT). The secondary goal of
my thesis was to examine whether cerebral blood flow (CBF) as estimated via a
transcranial Doppler ultrasound (TCD) measure of middle cerebral artery velocity
(MCAW) is linked to postexercise EF benefits and putative performance changes
associated with MF. To address these goals, I measured EF prior to and immediately
following separate 20-min conditions of active and passive exercise cycle ergometry, and
additionally included a non-exercise control condition. Following each condition,
participants completed a 20-min PVT and objective measures of MF were assessed
during the first and last five minutes of the protocol. Throughout the protocol MCAv was
measured. In developing my thesis, the below Literature Review outlines: (1) the
behavioural and neuroanatomical correlates of EF, (2) the impact of active exercise on
postexercise EF, (3) the mechanisms supporting a postexercise EF benefit following a
single bout of exercise, (4) the effects of a single bout of passive exercise on EF and CBF
and (5) measures of MF, the neural correlates of MF and the relationship between MF

and exercise.

1.1 Executive function

Executive function (EF) consists of the top-down cognitive processes needed to navigate
the complexities of daily living and includes the core components of: (1) inhibitory
control, (2) working memory, and (3) cognitive flexibility (for reviews, see Diamond,
2013; Miyake et al., 2000). As examples, inhibitory control entails the ability to
ignore/inhibit distracting information (e.g., a phone ringing) while performing an
attention demanding task (e.g., studying for an exam). In turn, working memory supports

the ability to perform mental math while grocery shopping, whereas cognitive flexibility



represents one’s ability to alternate between the different tasks associated with operating
a motor vehicle. An extensive lesion and neuroimaging literature has shown that

prefrontal cortex (PFC) structures including the dorsolateral prefrontal cortex (DLPFC),
anterior cingulate cortex (ACC), and orbitofrontal cortex (OFC) play significant roles in

supporting EF (Royall et al., 2002).

Inhibitory control refers to the ability to suppress a strong internal tendency to execute a
response in favour of a volitional non-standard alternative (Diamond, 2013). Inhibitory
control is frequently evaluated via the Ericksen flanker (Eriksen and Eriksen, 1974) and
Stroop (Stroop, 1935) tasks. The Eriksen flanker task entails a central target (i.e., “<”)
with flankers (i.e., non-targets) that are directionally congruent (i.e., “<<<”) or
incongruent (i.e., “><>") to the target. The goal of the task is to respond according to the
direction of the central target regardless of the flankers’ directions. Eriksen and Eriksen’s
(1974) work revealed that incongruent stimuli produced longer reaction times (RT) and
increased response errors compared to their directionally congruent counterparts and was
a finding attributed to the “noise” (i.e., distracting information) present during
incongruent trials that interferes with an individual’s processing response to salient
information and thus increases RT. Moreover, Blasi et al.’s (2006) functional magnetic
resonance imaging (fMRI) study reported greater bilateral DLPFC activation during
“correct” than “incorrect” incongruent trials. In turn, Luks et al. (2010) employed voxel-
based morphometry (VBM) to examine the relationship between grey matter atrophy and
Flanker task performance. The authors reported that individuals with left hemisphere
DLPFC atrophy had more errors and longer RTs on incongruent trials when compared to
the age-matched healthy controls. Accordingly, the aforementioned studies provide

support for the role of the DLPFC in inhibitory control during the Flanker task.

The Stroop task presents participants with a word wherein the colour of the ink a word is
written is congruent (i.e., “RED”) or incongruent (i.e., “RED”) to the word’s meaning.
For this task, participants are required to respond to the colour of the ink the word is
written in (i.e., non-standard task) and this results in longer RTs and increased response
errors compared to congruent trials (i.e., standard task) (Stroop, 1935). The poorer

performance in incongruent trials is attributed to the EF demands of inhibiting the



standard response (i.e., the word-naming response) in favour of the non-standard
response (i.e., the color-naming response) (for meta-analysis, see MacLeod, 1992). An
extensive literature of neuroimaging and lesion studies have highlighted the association
between DLPFC activity and incongruent Stroop performance. For example, Liu et al.’s
(2008) fMRI study revealed that longer incongruent trial RTs were associated with
increased DLPFC and ACC activation when compared to congruent trials. Furthermore,
Stuss et al. (2001) reported that individuals with frontal lobe lesions exhibited poorer
performance on incongruent trials (i.e., longer RTs and more errors) when compared to
healthy controls. Moreover, Plenger et al.’s (2016) functional near-infrared spectroscopy
(fNIRS) study compared neural activity and Stroop performance between individuals
with traumatic brain injury (TBI) and healthy controls. The authors reported that
individuals with TBI had longer RTs and more errors during incongruent trials when
compared to the healthy control group and this deficit was linked to a bilateral decrease
in oxygenated hemoglobin in the DLPFC. Thus, there is evidence demonstrating the role

of the DLPFC in inhibitory control during the Stroop task.

The second core component of EF is working memory. It refers to the ability to retain
information in mind during active manipulation (Diamond, 2013). The n-back task is
often used to assess working memory (Kirchner, 1958; Yaple and Arsalidou, 2018). The
task presents a sequence of stimuli and participants are instructed to determine whether a
current stimulus matches an exemplar presented “n” steps earlier in the sequence. For
example, the 3-back task requires that participants report whether a current stimulus
matches an exemplar presented three steps earlier in the stimulus sequence. As the “n”
value increases, participants exhibit increased RTs and response errors due to the
increased processing demands, and hence provides a means to manipulate task
complexity (Jaeggi et al., 2010). Neuroimaging and lesion studies have highlighted the
link between the DLPFC and n-back performance. For example, Owen et al.’s (2005)
meta-analysis of neuroimaging studies examining n-back task performance reported that
increased task complexity was associated with heightened activation of the DLPFC.
Further, Tsuchida and Fellows (2009) employed the 2-back task to evaluate performance
differences in individuals with focal damage within the DLPFC and healthy controls. The

authors reported individuals with DLPFC lesions demonstrated more errors and longer



RTs when compared to the healthy controls. In turn, Dores et al. (2017) contrasted 2-back
performance between individuals with working memory impairments caused by an
acquired brain injury and their healthy controls, and showed increased activation in the
DLPFC in the latter group was associated with improved task performance (less errors
and shorter RTs), whereas no such change was observed in individuals with a brain
injury. Finally, Yaple et al.’s (2019) meta-analysis reported that the age-related decline in
the efficiency of PFC engagement is associated with poorer working memory
performance as measured via the n-back task and thus provides further evidence

demonstrating the link between frontal cortical structures and EF.

The final component of EF is cognitive flexibility and is a component frequently assessed
via a task-switching paradigm (Diamond, 2013; Miyake et al., 2000). Task-switching
consists of two different trial-types: (1) a task-repeat trial wherein trial n is preceded by
its same task-type (e.g., congruent Stroop trial preceded by a congruent Stroop trial), and
(2) a task-switch trial wherein trial n is preceded by a different task-type (e.g., congruent
Stroop trial preceded by an incongruent Stroop trial). Task-switch trials are associated
with longer RTs and greater errors (i.e., a “switch-cost”) (for review, see Kiesel et al.,
2010). Allport et al. (1994) employed a task switching paradigm using the Stroop task
and reported that the congruent Stroop trial exhibits longer RTs when preceded by an
incongruent Stroop trial, whereas the converse switch (i.e., incongruent Stroop trial
preceded by congruent Stroop trial) did not impact RT (i.e., the unidirectional switch-
cost). Allport et al. (1994) proposed that the unidirectional switch-cost reflects the
activation of a non-standard task-set (i.e., incongruent Stroop trial) that inertially persists
and delays the planning of a subsequent standard task-set (i.e., congruent Stroop trial)
(i.e., task-set inertia hypothesis). In support of the task-set inertia hypothesis, Weiler et
al.’s (2015) electroencephalographic study demonstrated that the amplitude of the P300
event-related brain potential (ERP) (i.e., a component associated with EF) increased
when a non-standard trial was followed by a standard-trial; however, no such change in
amplitude occurred when a non-standard trial followed a standard-one. Further, Liston et
al.’s (2006) fMRI study demonstrated that greater efficiency of task-switch trials was
associated with heightened DLPFC and ACC activity. Moreover, Kopp et al. (2015)

examined cognitive flexibility using the Trail Making task (i.e., participants alternate



between connecting randomly arranged encircled numbers and letters in ascending order)
and reported that individuals with frontal lesions demonstrated longer RTs and greater
errors when compared to healthy controls. Thus, the literature provides evidence to

suggest that the PFC serves as a mediator supporting the core components of EF.

1.1.1 The antisaccade task

My thesis employed the pro- and antisaccade tasks to assess EF. Prosaccades require an
individual to execute a goal-directed eye movement towards a target and are mediated
largely independent to top-down EF via direct retinotopic projections to the superior
colliculus (SC) (Wurtz and Albano, 1980). In turn, antisaccades require an individual to
inhibit a standard prosaccade in favour of a response mirror-symmetrical to a target.
Antisaccades have longer RTs (Hallett, 1978), more directional errors (Pierce and
McDowell, 2016), and increased endpoint variability compared to prosaccades (Heath et
al., 2010; Gillen and Heath, 2014). The ‘costs’ associated with antisaccades have been
attributed to the EF demands of suppressing a pre-potent prosaccade (i.e., inhibitory
control) and the 180° spatial transposition of a target’s coordinates (i.e., vector inversion)
(Munoz and Everling, 2004). Neuroimaging research in humans, and single-cell and
transient cooling studies in non-human primates, have shown that the execution of a
directionally correct antisaccade is associated with increased task-based activity in the
PFC (DeSouza et al. 2004; for review see, Munoz and Everling, 2004). Further, human
and non-human primate work has shown that decreased activation in the DLPFC impairs
the ability to execute antisaccades, and results in increased directional errors (Johnston et
al., 2014; see also Condy et al., 2004). What is more, antisaccades provide a hands- and
language-free basis to examine EF and do not require the non-EF cognitive processes of
language (i.e., Stroop task), colour (i.e., Stroop task), geometric figure identification (i.e.,
Ericksen flanker) and numerosity (i.e., n-back) included in other more traditional EF
tasks (Kaufman et al., 2012). As well, antisaccades have been shown to provide the
resolution to detect subtle and EF-specific changes to environmental stressors in healthy
young and older adults (e.g., Heath et al., 2018; Kaufman et al., 2012; Petrella et al.
2019). Moreover, because prosaccades are primarily mediated via retinotopic projections

from the SC (Wurtz and Albano, 1980), and operate independently of EF (Pierrot-



Deseilligny et al., 1995), they serve as an excellent control to evaluate EF-specific

changes following manipulations such as an exercise intervention.

1.2 Aerobic exercise and executive function

Meta-analyses report that chronic (e.g., > 3 months) exercise positively influences EF in
children (Liu et al., 2020; Amatriain-Ferndndez et al., 2021) young adults (Verburgh et
al., 2014), older adults (Chen et al., 2020) and individuals experiencing cognitive decline
(Heath et al. 2016; 2017). For example, Colcombe et al. (2004) evaluated structural and
EF changes in older adults who completed either an aerobic exercise or stretching and
toning (control) class three times a week for six months. Results showed that individuals
in the aerobic training group showed improved EF compared to the control group (via the
Ericksen flanker task) and showed increased task-dependent activity in frontoparietal EF
networks. The authors posited the EF benefits associated with the exercise intervention
group reflected enhanced cardiovascular fitness and improved brain plasticity within EF
networks. Moreover, Chen et al.’s (2020) systematic review and meta-analysis of
randomized controlled trials examined how exercise training interventions influence EF

in older adults. The authors’ results demonstrated postexercise training benefits to EF.

In addition to chronic exercise, convergent literature has shown that a single bout of
aerobic and/or resistance exercise provides an EF benefit (for meta-analysis, see Chang et
al., 2012; Ludyga et al., 2016). For example, Yanagisawa et al. (2010) evaluated the
effects of a single bout of moderate-intensity aerobic exercise (70% of predicted
maximum heart rate: HRmax) on inhibitory control (via Stroop task). The authors
implemented a between-subjects design where participants were assigned to either an
exercise group or a non-exercise control group. Results showed that the postexercise
performance of the exercise group was associated with shorter RTs and increased task-
based activity in the DLPFC and ACC compared to the control group. Further, Alves et
al. (2012) compared inhibitory control performance via the Stroop task in a between-
subjects design. Stroop performance was evaluated following 30-min of walking (i.e., 50-
60% heart rate reserve (HRR)) or a non-exercise control in postmenopausal women. The
authors reported that incongruent Stroop RTs were shorter following the exercise

condition when compared to the control condition.



In terms of working memory, Chen et al. (2016) examined the effects of acute moderate-
intensity (60-69% HRmax) aerobic exercise on working memory performance via the 2-
back task. The authors employed a within-subjects design where participants completed
control (no exercise) and exercise conditions. Results demonstrate that the exercise
condition produced shorter postexercise RTs compared to the control condition.
Moreover, Stute et al. (2020) examined working memory via the n-back task prior to and
post a 15-min session of moderate intensity aerobic exercise (i.e., 50% VOzpeax) and
demonstrated that improved exercise-based performance was associated with increased

PFC oxygenation as measured via fNIRS.

In terms of cognitive flexibility, Shi et al. (2022) employed a task switching paradigm
prior to and post high-intensity interval training (alternating between 1 min bouts at 90%
HRR and 50% HRR), moderate-intensity exercise (40-59% HRR), and a control (no
exercise) condition. Results showed that task-switch trial RTs were shorter following the
exercise conditions as compared to the control condition. Moreover, Bae and Masaki
(2019) reported that following 30 min of treadmill exercise (i.e., 70% HRmax),

participants had shorter task-switch RTs when compared to baseline values.

The findings outlined above provide support for the conclusions from Chang and
colleagues’ (2012) meta-analysis asserting that a single bout of aerobic exercise is linked
to improvements in each component of EF and is associated with greater activity in EF
networks. Furthermore, work by my lab group has employed the antisaccade task to
examine postexercise EF benefits following a single bout of exercise. For example,
Shukla and Heath (2022) employed an AABB task-switching paradigm to assess
cognitive flexibility following a 20-min bout of high-intensity (80% HRmax) aerobic
exercise. Results demonstrated a task-switching benefit that persisted for up to 47
minutes following exercise cessation. Moreover, Tari et al. (2021) evaluated EF via the
antisaccade task prior to and immediately following a 20-min bout of light- (25 W),
moderate- (80% estimated lactate threshold [LT]), and heavy-intensity (15% difference
between LT and VOspeak) aerobic exercise. Results showed a postexercise EF benefit of
equivalent magnitude across the continuum of metabolically sustainable work rates. In

turn, Dalton et al. (2023) compared moderate-intensity exercise (60% HRR) to body



weight squat-stand exercise and evaluated pre- to postexercise EF changes via the
antisaccade task. The authors reported that both conditions produced a comparable
magnitude postexercise EF benefit as indicated via decreased antisaccade RTs. Thus,
results indicate that the postexercise benefit persists for at least 47 min and is present

across a range of intensities and modalities.

1.3 Candidate mechanisms responsible for an acute
exercise-mediated executive function benefit

As detailed in the previous section, chronic and single bouts of exercise across various
intensities and modalities elicit a postexercise EF benefit. However, the proposed
mechanisms underlying chronic exercise EF benefits (i.e., neuroplasticity; Chirles et al.,
2017) are posited to be distinct from those for a single bout of exercise. This section will
detail the proposed mechanisms supporting a postexercise EF benefit following a single
bout of exercise. The proposed mechanisms include: (1) an increase in biomolecules
including catecholamines (i.e., brain-derived neurotrophic factor (BDNF), dopamine
(DA), and norepinephrine (NE)) (Hershey et al., 2004; McMorris, 2021), (2) improved
resting state functional connectivity within EF networks (Goémez-Pinilla et al., 2002), and

(3) enhanced CBF (Guiney et al., 2015).

A single bout of exercise results in an increase in NE and DA and this change in
biomolecule levels increases psychological and physiological arousal and is thought to
benefit EF (Hershey et al., 2004; Ott and Nieder, 2019). More specifically, an increase in
NE and DA is posited to improve EF by improving signaling efficiency within the PFC
(Arnsten et al., 1988; Rammsayer, 1993). For example, Gibbs and D’Esposito’s (2006)
within-subjects fMRI study compared the effects of a dopamine receptor agonist (i.e.,
pergolide) and a lactose placebo on working memory. The authors reported that pergolide
treatment was associated with enhanced PFC activity and improved working memory
performance. In the exercise neuroscience literature, there is conflicting evidence
regarding the relationship between catecholamine levels and postexercise EF
improvements. For example, McMorris et al.’s (2011) meta-analysis reported that
moderate-intensity exercise provides the optimal work rate for improving working

memory and is linked to ideal catecholamine concentrations (Hyyppa et al., 1986; Koch



et al., 1980; Musso et al., 1990; see also McMorris, 2021). However, some studies have
suggested that light- and heavy intensity exercise also elicit postexercise EF benefits
(Hashimoto et al., 2018; Morris et al., 2020; Tari et al., 2021) and thus questions the role
of catecholamines in eliciting a postexercise EF benefit. In turn, Ando et al. (2022) had
participants complete an inhibitory control task prior to and post a single bout of aerobic
exercise (40% peak oxygen uptake) and perceived-intensity matched resistance exercise.
Results showed improved inhibitory control postexercise; however, this benefit was not
associated with catecholamine concentrations. Thus, I cannot conclude that

catecholamines serve as the primary mechanism for a postexercise EF benefit.

BDNEF is a protein upregulated by exercise and is responsible for synaptic growth and
neuronal survival (Vaynman et al., 2004). Knaepen et al.’s (2010) extensive review
concluded that in healthy participants, and those with chronic disease, there is a transient
increase in plasma or serum BDNF concentration following a single bout of aerobic
exercise. However, the literature regarding the relationship between BDNF and
postexercise EF benefits is equivocal. For example, Hwang et al. (2016a) randomized
participants into a high-intensity (85-90% VO:max) exercise group and a non-exercise
control and examined EF and BDNF levels pre- and postexercise. The authors reported
that postexercise serum BDNF was related to the magnitude of an exercise-related EF
benefit. In contrast, Ferris et al. (2007) employed a within-subjects design and had
participants complete two 30-min cycle ergometer sessions at 20% below and 10% above
participant-specific ventilatory thresholds. Results showed that a postexercise EF benefit
(via Stroop task) was not related to exercise-based changes in serum BDNF. Further, it is
important to recognize that serum BDNF may not reflect cerebral BDNF concentration
because it remains uncertain as to whether the molecule crosses the blood-brain barrier
(Trajkovska et al., 2007). Thus, the direct or indirect role of BDNF in expressing a

postexercise EF benefit remains unclear.

Resting state functional connectivity is another proposed mechanism for modulating
single bout postexercise EF benefits. This technique refers to the transfer of information
between brain regions that are structurally and functionally connected (for review, see

Moore et al., 2022). Resting state functional connectivity is measured via fMRI-based
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blood oxygen level dependent (BOLD) signal quantification of specific cortical regions
(Ogawa et al., 1990). Schmitt et al. (2019) examined resting state functional connectivity
prior to and following 30 min bouts of light- (35% below lactate threshold) and high-
intensity (20% above lactate threshold) exercise. The authors’ results demonstrated
resting state functional connectivity in the frontoparietal regions (including the DLPFC
and the ACC) was increased following the exercise interventions. In contrast, Rajab et al.
(2014) randomized participants into groups that completed either a single bout of
moderate-intensity aerobic exercise or a time-matched non-exercise control and evaluated
resting state functional connectivity prior to and post-intervention. The authors reported
no change in resting state functional connectivity after both the exercise and control
conditions. Moreover, Voss et al. (2020) evaluated the effects of light- (<57% HRmax) and
moderate-intensity (64-76% HRmax) exercise on resting state functional connectivity and
n-back performance. The results demonstrate that improvements to working memory
following exercise were not associated with changes in resting state functional
connectivity. Thus, improved resting state functional connectivity may not serve as a
primary candidate mechanism for postexercise EF benefits following a single bout of

exercise.

The final candidate mechanism for eliciting a postexercise EF benefit is an exercise-
based increase in CBF. The energy demands of aerobic exercise results in increased
cellular respiration that increases carbon dioxide (CO:) and results in the activation of
CO:; sensitive chemoreceptors that facilitate systemic vasodilation and an increase in
CBF (for review, see Ainslie and Duffin, 2009; Hoiland et al., 2019). Notably, the
exercise-based increase in CBF is thought to elicit temperature- and mechanical-based
changes to the brain’s neural and glial networks that increase neural efficiency (i.e., the
hemo-neural hypothesis; Moore and Cao, 2008). In demonstrating the role of CBF and
EF, Tari et al. (2020) used transcranial Doppler ultrasound (TCD) to measure middle
cerebral artery velocity (MCAV) as an estimate of CBF during 10-min time-matched
conditions consisting of: (1) a hypercapnic environment (5% CO.), (2) moderate-to-
heavy intensity exercise, and (3) a non-exercise control. The hypercapnic condition was
included because it results in a CBF increase independent of the metabolic demands of

exercise (Ogoh and Ainsle, 2009). More specifically, inhalation of hypercapnic gas
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rapidly leads to cerebrovascular vasodilation due to increased levels of CO, and lower pH
levels (Ainslie and Duffin, 2009; Hoiland et al., 2019). Tari et al. (2020) employed the
antisaccade task to assess pre- to post-condition changes in EF and reported that exercise
and hypercapnia conditions increased CBF and this was accompanied by a post-
intervention reduction in antisaccade RTs. Additionally, Byun et al. (2014) examined pre-
to post-exercise changes in Stroop performance prior to and post 10-min of light intensity
(30% VO peak) exercise and used fNIRS to examine frontoparietal activation. Results
demonstrated that Stroop RTs decreased after exercise, and this was associated with
greater neurovascular coupling in the DLPFC. Finally, Zhao et al.’s (2013) work
comparing CBF, inhibitory control and cognitive flexibility in individuals with cerebral
angiostenosis/occlusion and healthy controls reported increased errors and RTs on the
Stroop test were correlated with decreased CBF. Thus, an exercise-based CBF increase

may serve as a candidate mechanism for eliciting postexercise EF improvements.

1.4 Passive exercise, cerebral blood flow, and executive
function

Passive exercise refers to movement of a limb, or limbs, via an external force that does
not rely on volitional muscle activation/recruitment. Passive flexion/extension studies
involving the lower- and upper-limbs have been found to elicit increased CBF (Doering
et al., 1998; Sato et al., 2009). The mechanisms posited to produce a passive exercise
increase in CBF are distinct from traditional “active” exercise (i.e., exercise described
above and requiring volitional muscle activation) and reflect the activation of type /11
mechanosensitive muscle afferents and feedforward signals related to passive limb
movement that stimulate the primary somatosensory and motor cortices leading to
increases in cardiac output and stroke volume (Eldridge et al., 1985; Gladwell and Coote,
2002; Goodwin et al., 1972; Krogh and Lindhard, 1913; Matsukawa, 2012; Nobrega and
Araujo, 1993; Nurhayati and Boutcher, 1998; Victor et al., 1995)

Work has shown that a passive exercise increase in CBF is linked to a postexercise EF
benefit. For example, Shirzad et al. (2022) had participants complete three conditions: (1)
20-min of active exercise, (2) 20-min of passive exercise (i.e., mechanically driven

flywheel passively pedaled participants’ lower limbs) and (3) a non-exercise control.
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Results showed that Shirzad et al.’s (2022) passive exercise condition did not result in
volitional muscle activation (as assessed via electromyograph) or render an increase in
cardiorespiratory measures (i.e., ventilation (Vg), oxygen consumption (VO,), CO»
output (VCO»), end-tidal CO, (PerC02)); however, the protocol did result in an increase
in CBF — albeit with a magnitude less than the active exercise condition — and provided a
postexercise EF benefit equivalent to active exercise. Hence, results show that an increase
in CBF independent of the metabolic and intensity demands of active exercise provides

an EF benefit (see also Tari et al. 2023).

1.5 Mental fatigue

Fatigue is generally characterized by feelings of tiredness at rest, reduced energy,
decreased endurance, a lack of vigor, and exhaustion (Davis and Walsh, 2010). Fatigue is
divided into two components: physical and mental. Physical fatigue occurs after
prolonged physical exertion and is characterized by reduced exercise capacity, force
production, power (i.e., slower muscle contraction velocity), and an impaired perception
of force (Davis and Walsh, 2010). In contrast, mental fatigue (MF) refers to a reluctance
in exerting effort, feelings of weariness, and decreased alertness (Borghini et al., 2014;
Grandjean, 1979; Grandjean, 1988). MF is often induced after extended periods of mental
exertion and leads to impairments in cognition and specific declines in EF (Holtzer et al.,
2010; Kato et al., 2009; van der Linden et al., 2003) and attention (Dorrian et al., 2007,
Langner et al., 2010; Lim et al., 2010). Regarding the impact of MF on EF, Kato et al.
(2009) had participants complete a 60-min inhibitory control task (i.e., go/no-go) and
reported longer RTs, more errors and higher ratings of subjective MF as a function of
time spent on task. Further, Kato et al. reported that P300 and error-related negativity
(ERN) ERP amplitudes during no-go (i.e., non-standard) trials decreased as a function of
time. The authors reported that such results indicate that MF impairs EF and depletes the
cognitive resources needed for task execution. Further, van der Linden et al. (2003)
evaluated the effects of MF on exploration in an intricate computer task. Participants’
exploration performance was assessed in terms of task completion and the number of
decisions they made with negative consequences. The authors employed a between-

subjects design and compared the exploration behaviour of participants who underwent a



13

complex scheduling task to induce MF, and a control group that was not exposed to a MF
protocol. For the scheduling task participants were required to assign work to employees,
which required task engagement and EF. Results revealed that participants in the fatigue
group made more errors and completed less exploration compared to the control group. In
terms of the effects of MF on sustained attention, Lim et al. (2012) had participants
complete the 20-min psychomotor vigilance test (PVT: see details below) and measured
subjective ratings of MF pre- and post-PVT. Participants demonstrated an increase in
RTs as a function of the length of the PVT protocol. As well, participants reported

increased subjective MF from pre- to post-PVT assessment.

1.5.1 Mental fatigue measures

A number of measures provide an objective assessment of MF (Diaz-Garcia et al., 2021;
Kunasegaran et al., 2023). For my thesis, I will outline heart rate variability (HRV) and
EEG and will describe the PVT as a tool to both induce and measure MF.

HRYV refers to the beat-to-beat variability in a heart rate cycle (van Ravenswaaij-Arts,
1993). It has frequently been used as an indicator of the balance between sympathetic
(i.e., responsible for “fight or flight response”’) and parasympathetic (responsible for “rest
and digest response”) nervous systems (Csatho et al., 2024). Sympathetic nervous system
activity causes an increase in overall HRV, whereas parasympathetic nervous system
activity causes a decrease in overall HRV (Mohanavelu et al., 2017). HRV variability has
been used as an index of MF given that it reflects the state of the autonomic nervous
system which plays a key role in the execution of cognitively demanding tasks (Laborde
et al., 2017; Matuz et al., 2021; Sassi et al., 2015). More specifically, vagal tone is a HRV
index of particular interest due to its positive association with parasympathetic nervous
system activity (Csatho et al., 2024; Matuz et al., 2021). Increased parasympathetic
activity is associated with task disengagement and is a manifestation of MF (Matuz et al.,
2021; Pattyn et al., 2008). Matuz et al. (2021) examined the association between vagal-
mediated HRV and time-on-task during a modified version of the n-back task and
randomized participants into groups that completed the task for a two-hour period and a
group that watched a documentary for the same time duration. When compared to the

documentary-viewing group, those in the cognitively demanding n-back group had higher
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levels of subjective MF, increased vagal-mediated HRV, and poorer performance (i.e.,
more errors) as a function of time (Matuz et al., 2021). Thus, HRV may serve as a

reliable metric for a physiological assessment of MF.

EEG is a functional neuroimaging tool that measures the brain’s electrical activity
through recording of cerebral electrical potentials from electrodes placed on the scalp
(Binnie and Prior, 1994). EEG signals can be classified into frequency bands with
different spectral ranges: delta (<4 Hz), theta (4-7 Hz), alpha (8-12 Hz), and beta (13-30
Hz) (Clark, 2009). Delta waves are associated with sleep, theta is indicative of deep
relaxation and a meditative state, alpha represents the resting relaxed state, whereas beta
dominates when one is alert and engaging cognitive resources (Kumar & Bhuvaneswari,
2012; Kirschfeld, 2005). The evaluation of the dominance of specific EEG band waves
can therefore be used as an objective instrument for assessing MF (Diaz-Garcia et al.,
2022). Tran et al.’s (2020) systematic review with meta-analyses sought to establish how
MF influences EEG activity. The authors reported large increases in theta and alpha
bands, with small changes in delta and beta bands being associated with MF.
Furthermore, Gharagozlou et al. (2015) measured brain activity using EEG while
individuals operated a motor vehicle in a virtual reality simulator. The authors reported
an increase in subjective ratings of MF and absolute alpha power during the final section
of driving, suggesting that an increase in alpha is indicative of a decrease in alertness.

Thus, EEG metrics may also serve as an index of MF.

The PVT is a RT task wherein participants are presented with target stimuli over random
and varying intervals, and are required to respond to target onset “as quickly as possible.”
(i.e., via a keyboard response or computer mouse “click’) (Rupp, 2013), The task is
termed the ‘gold standard’ measure of sustained attention and vigilance (Rupp, 2013).
The PVT is sensitive to changes in the circadian system and is thought to reflect arousal
levels and attention (Drummond et al., 2005; Wright et al., 2002; Wyatt et al., 1999). The
typical length of the PVT is 10-min; however, shorter (e.g., 3 min) and longer (e.g., 20-
min) durations are frequently implemented (Ahn et al., 2023; Benderoth et al., 2021; Lim
et al., 2010; Matsangas et al., 2017; Rupp, 2013). The PVT measures used to objectively

evaluate levels of attention are mean and median RT, fastest 10% RTs, and response
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lapses (i.e., RTs > 500 ms) (Rupp, 2013). The PVT has been validated as a strong tool for
indexing MF and deficits to cognitive performance (Basner et al., 2018; Evans et al.,
2019; Loh et al., 2004). Further, it is often used as a tool for MF induction given that
PVT RTs increase as a function of the time spent on the task, and poorer performance is
an indicator of MF onset (Darnai et al., 2023; Lim et al., 2010, 2012). Moreover, the PVT
has been implemented concurrently with HRV, EEG, and neuroimaging tools, providing
convergent psychophysiological measures of MF (Chua et al., 2012; Gorgoni et al., 2014;
Lim et al., 2010; Molina et al., 2019; Nogueira et al., 2022).

1.5.2 Mental fatigue and neuroimaging studies

A paucity of work has evaluated MF-based brain activity and blood flow changes. For
example, Drummond et al. (2005) employed fMRI to evaluate the neural correlates of
PVT performance and reported that shorter RTs were associated with increased activity
within the frontoparietal attentional networks (i.e., right middle frontal gryus, left and
right inferior parietal lobes), whereas longer RTs were associated with a ‘default’
attentional mode involving the medial frontal, superior frontal, and ventral anterior
cingulate gyri. The default mode entails brain regions associated with cognitive
disengagement (Drummond et al., 2005). When an individual directs their attention to
executing a cognitively demanding task, resources are allocated towards attention
networks responsible for executing those tasks, and away from the default network
(Greicius et al., 2003). In turn, Ishii et al.’s (2014) review provides support for a “dual
regulation system” of MF. The authors assert that the brain alternates between two
networks supporting task engagement or disengagement. Their model consists of two
systems: the mental facilitation system and the mental inhibition system. The mental
facilitation system is activated by cognitive workload and is responsible for maintaining
or enhancing cognitive performance. The facilitation system consists of the thalamo-
cortical loop that connects the limbic system, basal ganglia, thalamus and frontal cortex.
The mental inhibition system is also activated by cognitive workload; however, activation
impairs cognitive performance. The inhibition system consists of the insular cortex and
posterior cingulate cortex. When mental workload reaches levels that impair cognitive

performance, the dual regulation system theory states that impairments to the facilitation
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system results in overactivation of the mental inhibition system and an MF-based
impairment in cognitive performance. In support of the decreased activity of the
facilitation system owing to MF, Lim et al.’s (2010) findings reported that engaging in
the PVT activates a frontoparietal attention network, which becomes less active after the
task. Their results also demonstrated decreased CBF within the frontoparietal network
and longer RTs as a function of the time spent on the task. However, there is evidence
contradicting the findings of Drummond et al. (2005) and Ishii et al. (2014). For example,
Darnai et al. (2023) report that decreased performance as a function of time during the
PVT is associated with reduced activation of the right middle frontal gyrus, right insula,
and right anterior cingulate gyrus. The decreased activation of the right middle frontal
gyrus supports the dual regulation system; however, the decreased activation of the right
insula contradicts it (Drummond et al., 2005; Ishii et al., 2014). Thus, the literature
regarding the neural correlates of MF remains ambiguous, and more work is warranted to

further investigate this.

1.5.3 Mental fatigue and acute aerobic exercise

There is limited research investigating the effects of a single bout of aerobic exercise on
MF mitigation. Loy et al.’s (2013) systematic review and meta-analysis sought to
examine the effects of acute exercise on self-reported energy and fatigue levels. They
reported that energy (i.e., defined as “potential to execute a task™) is enhanced following
acute exercise, whereas reduced fatigue levels are present only when energy increases are
“moderately large” following low-to-moderate exercise of a duration greater than 20

minutes.

Gonzélez-Fernandez et al. (2017) had participants complete the PVT for 45 min while
engaging in either a control condition of low-effort movement or an exercise condition at
75% of ventilatory anaerobic threshold (VAT). Their results show that those in the 75%
VAT group had shorter RTs when compared to the control group over the 45-min period.
Furthermore, Hwang et al. (2016b) had participants complete one of four conditions: (1)
low-level laser stimulation of the prefrontal cortex, (2) a 20-min single bout of high-
intensity exercise (85-90% VO.max) (3) laser treatment and exercise together, or (4) a

control group that did not exercise or receive laser therapy. The laser stimulation was
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implemented as it has been proposed to stimulate prefrontal cortex stimulation and
increase BDNF levels (Hwang et al., 2016b). The PVT was administered prior to and
post-treatment. The exercise and laser therapy condition reduced PVT RTs; however, the
combined laser therapy and exercise condition resulted in the greatest magnitude

reduction in PVT RTs.

Some research suggests exercise may have no influence on vigilance. In Slutsky et al.’s
(2017) study, participants were randomized into either a light-intensity exercise (40%
HRR) or non-exercise control group following sleep deprivation, after which they
performed the PVT. They reported no difference in PVT performance between the
control and exercise groups. In turn, Saner et al. (2024) investigated the effects of high-
intensity interval exercise (HIIE) following sleep deprivation on alertness through the
PVT and compared a non-exercise control group to a group that completed HIIE. They
reported there was no reliable difference in PVT performance between the two groups,
and the detriments to MF were not mitigated by exercise. The aforementioned studies,

however, did not focus on the effects of exercise on MF mitigation.

In the context of EF, Ahn et al.’s (2023) work examined whether passive exercise (and a
non-exercise control condition) performed concurrent with the PVT ameliorates MF and
mitigates an MF-induced EF deficit. This question was motivated by evidence showing
that passive exercise benefits EF and because passive exercise served as a viable platform
for examining exercise induced cognitive benefits during the SARS CoV-2 pandemic
(i.e., a time when protocols involving an increase in ventilation were contraindicated).
Results showed that PVT performance declined as a function of time; however, the
magnitude of the decline did not vary between passive and control conditions. Regarding
EF, control condition antisaccade RTs were longer following the intervention when
compared to baseline values. In contrast, the passive exercise condition demonstrated
shorter antisaccade RTs following the intervention when compared to baseline. Thus,
passive exercise mitigated the EF deficit resulting from MF. To my knowledge, however,
there is no research investigating the effects of active or passive exercise completed prior

to MF induction on MF mitigation.
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1.6 Research predictions

Chapter 2 of my thesis examined whether a single bout of passive and active exercise
differentially affect EF and MF. Further, I sought to evaluate MCA changes during a MF
task. Accordingly, participants completed three 20-min conditions of: (1) active exercise
via cycle ergometer, (2) passive exercise via a mechanically driven cycle ergometer
flywheel, and (3) a non-exercise control. EF was evaluated pre- and post-condition via
the pro- and antisaccade tasks. Following the postexercise EF assessment a 20-min PVT
was performed, and RT changes from the first to last five minutes of the protocol were
used to assess for potential condition-specific changes in the magnitude of MF.
Throughout the protocol, TCD was used to measure MCAvV and estimate condition-
specific changes in CBF. In terms of research predictions, I posit that active and passive
exercise will result in a postexercise EF benefit linked to an exercise-mediated increase in
CBF. Further, I predict that active and passive exercise will result in a smaller magnitude
increase in RTs from the first to last five minutes of the PVT protocol. More directly, I
predict that a prior exercise condition will ameliorate MF induction associated with the
PVT. Last, I predict that the decreased objective measure of MF during the PVT will be

associated with a decreased reduction in CBF.



19

References

Ahn, J., Tari, B., Morava, A., Prapavessis, H., & Heath, M. (2023). A single bout of passive
exercise mitigates a mental fatigue-induced inhibitory control deficit. Experimental Brain

Research, 241(7), 1835—-1845. https://doi.org/10.1007/s00221-023-06640-7

Ainslie, P. N., & Duffin, J. (2009). Integration of cerebrovascular CO2 reactivity and
chemoreflex control of breathing: mechanisms of regulation, measurement, and

interpretation. American Journal of Physiology. Regulatory, Integrative and Comparative

Physiology, 296(5), R1473-95. https://doi.org/10.1152/ajpregu.91008.2008

Allport, Styles, E. A., & Hsieh, S. (1994). Shifting intentional set: exploring the dynamic
control of tasks. In C. Umilta & M. Mosckovitch (Eds.), Attention and Performance :
Vol. XV (pp. 421-452). MIT Press.

Alves, C. R. R., Gualano, B., Takao, P. P., Avakian, P., Fernandes, R. M., Morine, D., &
Takito, M. Y. (2012). Effects of acute physical exercise on executive functions: A
comparison between aerobic and strength exercise. Journal of Sport and Exercise

Psychology, 34(4), 539-549. https://doi.org/10.1123/jsep.34.4.539

Amatriain-Fernandez, S., Ezquerro Garcia-Noblejas, M., & Budde, H. (2021). Effects of
chronic exercise on the inhibitory control of children and adolescents: A systematic

review and meta-analysis. Scandinavian Journal of Medicine & Science in Sports, 31(6),

1196-1208. https://doi.org/10.1111/sms.13934

Ando, S., Komiyama, T., Tanoue, Y., Sudo, M., Costello, J. T., Uehara, Y., & Higaki, Y.
(2022). Cognitive improvement after aerobic and resistance exercise is not associated

with peripheral biomarkers. Frontiers in Behavioral Neuroscience, 16.

https://doi.org/10.3389/fnbeh.2022.853150

Arnsten, A., Cai, J., & Goldman-Rakic, P. (1988). The alpha-2 adrenergic agonist guanfacine
improves memory in aged monkeys without sedative or hypotensive side effects:
evidence for alpha-2 receptor subtypes. The Journal of Neuroscience, 8(11), 4287—4298.
https://doi.org/10.1523/JINEUROSCI.08-11-04287.1988



20

Bae, S., & Masaki, H. (2019). Effects of acute aerobic exercise on cognitive flexibility
required during task-switching paradigm. Frontiers in Human Neuroscience, 13.

https://doi.org/10.3389/fnhum.2019.00260

Basner, M., Hermosillo, E., Nasrini, J., McGuire, S., Saxena, S., Moore, T. M., Gur, R. C., &
Dinges, D. F. (2018). Repeated administration effects on psychomotor vigilance test

performance. Sleep, 41(1). https://doi.org/10.1093/sleep/zsx 187

Benderoth, S., Hormann, H. J., SchieBl, C., & Elmenhorst, E. M. (2021). Reliability and
validity of a 3-min psychomotor vigilance task in assessing sensitivity to sleep loss and

alcohol: fitness for duty in aviation and transportation. Sleep, 44(11).

https://doi.org/10.1093/sleep/zsab151

Binnie, C. D., & Prior, P. F. (1994). Electroencephalography. Journal of Neurology,
Neurosurgery & Psychiatry, 57(11), 1308-1319. https://doi.org/10.1136/jnnp.57.11.1308

Blasi, G., Goldberg, T. E., Weickert, T., Das, S., Kohn, P., Zoltick, B., Bertolino, A., Callicott,
J. H., Weinberger, D. R., & Mattay, V. S. (2006). Brain regions underlying response
inhibition and interference monitoring and suppression. European Journal of

Neuroscience, 23(6), 1658—1664. https://doi.org/10.1111/1.1460-9568.2006.04680.x

Borghini, G., Astolfi, L., Vecchiato, G., Mattia, D., & Babiloni, F. (2014). Measuring
neurophysiological signals in aircraft pilots and car drivers for the assessment of mental
workload, fatigue and drowsiness. Neuroscience & Biobehavioral Reviews, 44, 58-75.

https://doi.org/10.1016/j.neubiorev.2012.10.003

Byun, K., Hyodo, K., Suwabe, K., Ochi, G., Sakairi, Y., Kato, M., Dan, 1., & Soya, H. (2014).
Positive effect of acute mild exercise on executive function via arousal-related prefrontal
activations: An fNIRS study. Neurolmage, 98, 336-345.
https://doi.org/10.1016/j.neuroimage.2014.04.067

Chang, Y. K., Labban, J. D., Gapin, J. L., & Etnier, J. L. (2012). The effects of acute exercise
on cognitive performance: a meta-analysis. Brain Research, 1453, 87-101.

https://doi.org/10.1016/j.brainres.2012.02.068



21

Chen, A. G., Zhu, L. N., Yan, J., & Yin, H. C. (2016). Neural basis of working memory
enhancement after acute aerobic exercise: fMRI study of preadolescent children.

Frontiers in Psychology, 7. https://doi.org/10.3389/fpsyg.2016.01804

Chen, F. T., Etnier, J. L., Chan, K. H., Chiu, P. K., Hung, T. M., & Chang, Y. K. (2020).
Effects of exercise training interventions on executive function in older adults: A
systematic review and meta-analysis. Sports Medicine, 50(8), 1451-1467.
https://doi.org/10.1007/s40279-020-01292-x

Chirles, T. J., Reiter, K., Weiss, L. R., Alfini, A. J., Nielson, K. A., & Smith, J. C. (2017).
Exercise training and functional connectivity changes in mild cognitive impairment and
healthy elders. Journal of Alzheimer’s Disease, 57(3), 845-856.
https://doi.org/10.3233/JAD-161151

Chua, E. C. P., Tan, W. Q., Yeo, S. C., Lau, P., Lee, 1., Mien, I. H., Puvanendran, K., &
Gooley, J. J. (2012). Heart rate variability can be ssed to estimate sleepiness-related
decrements in psychomotor vigilance during total sleep deprivation. SLEEP.

https://doi.org/10.5665/sleep.1688

Clark, J. W. (2009). The origin of biopotentials. . In J. G. Webster (Ed.), Medical
Instrumentation: Application and Design. John Wiley & Sons.

Colcombe, S. J., Kramer, A. F., Erickson, K. I., Scalf, P., McAuley, E., Cohen, N. J., Webb,
A., Jerome, G. J., Marquez, D. X., & Elavsky, S. (2004). Cardiovascular fitness, cortical
plasticity, and aging. Proceedings of the National Academy of Sciences, 101(9), 3316—
3321. https://doi.org/10.1073/pnas.0400266101

Condy, C., Rivaud-Péchoux, S., Ostendorf, F., Ploner, C. J., & Gaymard, B. (2004). Neural
substrate of antisaccades. Neurology, 63(9), 1571-1578.
https://doi.org/10.1212/01.WNL.0000142990.44979.5A

Csatho, A., Van der Linden, D., & Matuz, A. (2024). Change in heart rate variability with
increasing time-on-task as a marker for mental fatigue: A systematic review. Biological

Psychology, 185, 108727. https://doi.org/10.1016/j.biopsycho.2023.108727



22

Dalton, C., Ahn, J., Jeyarajan, G., Krigolson, O. E., & Heath, M. (2023). Distinct cortical
haemodynamics during squat-stand and continuous aerobic exercise do not influence the
magnitude of a postexercise executive function benefit. Journal of Sports Sciences,

41(15), 1459-1470. https://doi.org/10.1080/02640414.2023.2275086

Darnai, G., Matuz, A., Alhour, H. A., Perlaki, G., Orsi, G., Aratd, A., Szente, A., Afra, E.,
Nagy, S. A., Janszky, J., & Csathd, A. (2023). The neural correlates of mental fatigue and
reward processing: A task-based fMRI study. Neurolmage, 265, 119812.
https://doi.org/10.1016/j.neuroimage.2022.119812

Davis, M. P., & Walsh, D. (2010). Mechanisms of fatigue. The Journal of Supportive
Oncology, 8(4), 164—174.

DeSouza, J. F. X., Menon, R. S., & Everling, S. (2003). Preparatory set associated with pro-
saccades and anti-aaccades in humans investigated with event-related fMRI. Journal of

Neurophysiology, 89(2), 1016-1023. https://doi.org/10.1152/jn.00562.2002

Diamond, A. (2013). Executive functions. Annual Review of Psychology, 64, 135-168.
https://doi.org/10.1146/annurev-psych-113011-143750

Diaz-Garcia, J., Gonzalez-Ponce, 1., Ponce-Bordon, J., Lopez-Gajardo, M., Ramirez-Bravo, L.,
Rubio-Morales, A., & Garcia-Calvo, T. (2021). Mental load and fatigue assessment
instruments: A systematic review. International Journal of Environmental Research and

Public Health, 19(1), 419. https://doi.org/10.3390/ijerph19010419

Doering, T. J., Resch, K. L., Steuernagel, B., Brix, J., Schneider, B., & Fischer, G. C. (1998).
Passive and active exercises increase cerebral blood flow velocity in young, healthy
individuals. American Journal of Physical Medicine & Rehabilitation, 77(6), 490—493.
https://doi.org/10.1097/00002060-199811000-00006

Dores, A. R., Barbosa, F., Carvalho, I. P., Almeida, 1., Guerreiro, S., da Rocha, B. M., de
Sousa, L., & Castro-Caldas, A. (2017). Study of behavioural and neural bases of visuo-
spatial working memory with an fMRI paradigm based on an n-back task. Journal of

Neuropsychology, 11(1), 122—134. https://doi.org/10.1111/jnp.12076



23

Dorrian, J., Roach, G. D., Fletcher, A., & Dawson, D. (2007). Simulated train driving: Fatigue,
self-awareness and cognitive disengagement. Applied Ergonomics, 38(2), 155-166.
https://doi.org/10.1016/j.apergo.2006.03.006

Drummond, S. P. A., Bischoff-Grethe, A., Dinges, D. F., Ayalon, L., Mednick, S. C., &
Meloy, M. J. (2005). The neural basis of the psychomotor vigilance task. (2005). Sleep.
https://doi.org/10.1093/sleep/28.9.1059

Eldridge, F. L., Millhorn, D. E., Killey, J. P., & Waldrop, T. G. (1985). Stimulation by central
command of locomotion, respiration and circulation during exercise. Respiration

Physiology, 59(3), 313-337. https://doi.org/10.1016/0034-5687(85)90136-7

Eriksen, B. A., & Eriksen, C. W. (1974). Effects of noise letters upon the identification of a
target letter in a nonsearch task. Perception & Psychophysics, 16(1), 143—-149.
https://doi.org/10.3758/BF03203267

Evans, M. S., Harborne, D., & Smith, A. P. (2019). Developing an Objective Indicator of
Fatigue: An Alternative Mobile Version of the Psychomotor Vigilance Task (m-PVT). In
L. Longo & M. C. Leva (Eds.), Human Mental Workload: Models and Applications (pp.
49-71). Springer International Publsihing. https://doi.org/10.1007/978-3-030-14273-5 4

Ferris, L. T., Williams, J. S., & Shen, C. L. (2007). The effect of acute exercise on serum
brain-derived neurotrophic factor levels and cognitive function. Medicine & Science in

Sports & Exercise, 39(4), 728—734. https://doi.org/10.1249/mss.0b013e31802f04c7

Gharagozlou, F., Nasl Saraji, G., Mazloumi, A., Nahvi, A., Motie Nasrabadi, A., Rahimi
Foroushani, A., Arab Kheradmand, A., Ashouri, M., & Samavati, M. (2015). Detecting
driver mental fatigue based on EEG alpha power changes during simulated driving.

Iranian Journal of Public Health, 44(12), 1693—1700.

Gibbs, S. E. B., & D’Esposito, M. (2006). A functional magnetic resonance imaging study of
the effects of pergolide, a dopamine receptor agonist, on component processes of working
memory. Neuroscience, 139(1), 359-371.
https://doi.org/10.1016/j.neuroscience.2005.11.055



24

Gillen, C., & Heath, M. (2014). Target frequency influences antisaccade endpoint bias:
Evidence for perceptual averaging. Vision Research, 105, 151-158.
https://doi.org/10.1016/j.visres.2014.10.010

Gladwell, V. F., & Coote, J. H. (2002). Heart rate at the onset of muscle contraction and
during passive muscle stretch in humans: a role for mechanoreceptors. The Journal of

Physiology, 540(3), 1095-1102. https://doi.org/10.1113/jphysiol.2001.013486

Gomez-Pinilla, F., Ying, Z., Roy, R. R., Molteni, R., & Edgerton, V. R. (2002). Voluntary
exercise induces a BDNF-mediated mechanism that promotes neuroplasticity. Journal of

Neurophysiology, 88(5), 2187-2195. https://doi.org/10.1152/jn.00152.2002

Gonzalez-Fernandez, F., Etnier, J. L., Zabala, M., & Sanabrai, D. (2017). Vigilance

performance during acute exercise. International Journal of Sport Psychology, 48(4).

Goodwin, G. M., McCloskey, D. L., & Mitchell, J. H. (1972). Cardiovascular and respiratory
responses to changes in central command during isometric exercise at constant muscle
tension. The Journal of Physiology, 226(1), 173-190.
https://doi.org/10.1113/jphysiol.1972.sp009979

Gorgoni, M., Ferlazzo, F., Ferrara, M., Moroni, F., D’Atri, A., Fanelli, S., Gizzi Torriglia, 1.,
Lauri, G., Marzano, C., Rossini, P. M., & De Gennaro, L. (2014). Topographic
electroencephalogram changes associated with psychomotor vigilance task performance
after sleep deprivation. Sleep Medicine, 15(9), 1132—-1139.
https://doi.org/10.1016/j.sleep.2014.04.022

Govindan, R. B., Massaro, A., Vezina, G., Tsuchida, T., Cristante, C., & du Plessis, A. (2017).
Does relative or absolute EEG power have prognostic value in HIE setting?. Clinical

Neurophysiology: Olfficial Journal of the International Federation of Clinical
Neurophysiology, 128(1), 14—15. https://doi.org/10.1016/j.clinph.2016.10.094

Grandjean, E. (1979). Fatigue in industry. Occupational and Environmental Medicine, 36(3),
175-186. https://doi.org/10.1136/0em.36.3.175



25

Grandjean, E. (1988). Fitting to the task of man. A textbook of occupational ergonomics.

Taylor and Francis.

Greicius, M. D., Krasnow, B., Reiss, A. L., & Menon, V. (2003). Functional connectivity in
the resting brain: A network analysis of the default mode hypothesis. Proceedings of the
National Academy of Sciences, 100(1), 253-258.
https://doi.org/10.1073/pnas.0135058100

Guiney, H., Lucas, S. J., Cotter, J. D., & Machado, L. (2015). Evidence cerebral blood-flow
regulation mediates exercise—cognition links in healthy young adults. Neuropsychology,

29(1), 1-9. https://doi.org/10.1037/neu0000124

Hallett, P. E. (1978). Primary and secondary saccades to goals defined by instructions. Vision
Research, 18(10), 1279-1296. https://doi.org/10.1016/0042-6989(78)90218-3

Hashimoto, T., Tsukamoto, H., Takenaka, S., Olesen, N. D., Petersen, L. G., Sgrensen, H.,
Nielsen, H. B., Secher, N. H., & Ogoh, S. (2018). Maintained exercise-enhanced brain
executive function related to cerebral lactate metabolism in men. The FASEB Journal,

32(3), 1417-1427. https://doi.org/10.1096/1].20170038 IRR

Heath, M., Dunham, K., Binsted, G., & Godbolt, B. (2010). Antisaccades exhibit diminished
online control relative to prosaccades. Experimental Brain Research, 203(4), 743-752.

https://doi.org/10.1007/s00221-010-2290-7

Heath, M., Petrella, A., Blazevic, J., Lim, D., Pelletier, A., & Belfry, G. R. (2018). A post-
exercise facilitation of executive function is independent of aerobically supported
metabolic costs. Neuropsychologia, 120, 65-74.
https://doi.org/10.1016/j.neuropsychologia.2018.10.002

Heath, M., Shellington, E., Titheridge, S., Gill, D. P., & Petrella, R. J. (2017). A 24-week
multi-modality exercise program improves executive control in older adults with a self-

reported cognitive complaint: Evidence from the antisaccade task. Journal of Alzheimer’s

Disease, 56(1), 167-183. https://doi.org/10.3233/JAD-160627



26

Heath, M., Weiler, J., Gregory, M. A., Gill, D. P., & Petrella, R. J. (2016). A six-month
cognitive-motor and aerobic exercise program improves executive function in persons
with an objective cognitive impairment: A pilot Investigation using the antisaccade task.

Journal of Alzheimer’s Disease, 54(3), 923-931. https://doi.org/10.3233/JAD-160288

Hershey, T., Black, K. J., Hartlein, J., Braver, T. S., Barch, D. M., Carl, J. L., & Perlmutter, J.
S. (2004). Dopaminergic modulation of response inhibition: an fMRI study. Cognitive
Brain Research, 20(3), 438—448. https://doi.org/10.1016/j.cogbrainres.2004.03.018

Hoiland, R. L., Fisher, J. A., & Ainslie, P. N. (2019). Regulation of the cerebral circulation by
arterial carbon dioxide. In Comprehensive Physiology (pp. 1101-1154). Wiley.
https://doi.org/10.1002/cphy.c180021

Holtzer, R., Shuman, M., Mahoney, J. R., Lipton, R., & Verghese, J. (2010). Cognitive fatigue
defined in the context of attention networks. Aging, Neuropsychology, and Cognition,

18(1), 108—128. https://doi.org/10.1080/13825585.2010.517826

Hwang, J., Brothers, R. M., Castelli, D. M., Glowacki, E. M., Chen, Y. T., Salinas, M. M.,
Kim, J., Jung, Y., & Calvert, H. G. (2016a). Acute high-intensity exercise-induced

cognitive enhancement and brain-derived neurotrophic factor in young, healthy adults.

Neuroscience Letters, 630, 247-253. https://doi.org/10.1016/j.neulet.2016.07.033

Hwang, J., Castelli, D. M., & Gonzalez-Lima, F. (2016b). Cognitive enhancement by
transcranial laser stimulation and acute aerobic exercise. Lasers in Medical Science,

31(6), 1151-1160. https://doi.org/10.1007/s10103-016-1962-3

Hyyppi, M., Aunola, S., & Kuusela, V. (1986). Psychoendocrine responses to bicycle exercise
in healthy men in good physical condition. International Journal of Sports Medicine,

7(2), 89-93. https://doi.org/10.1055/s-2008-1025740

Ishii, A., Tanaka, M., & Watanabe, Y. (2014). Neural mechanisms of mental fatigue. Reviews
in the Neurosciences, 25(4), 469-479. https://doi.org/10.1515/revneuro-2014-0028



27

Jaeggi, S. M., Buschkuehl, M., Perrig, W. J., & Meier, B. (2010). The concurrent validity of
the N-back task as a working memory measure. Memory, 18(4), 394-412.
https://doi.org/10.1080/09658211003702171

Johnston, K., Koval, M. J., Lomber, S. G., & Everling, S. (2014). Macaque dorsolateral
prefrontal cortex does not suppress saccade-related activity in the superior colliculus.

Cerebral Cortex, 24(5), 1373—1388. https://doi.org/10.1093/cercor/bhs424

Kato, Y., Endo, H., & Kizuka, T. (2009). Mental fatigue and impaired response processes:
Event-related brain potentials in a Go/NoGo task. International Journal of

Psychophysiology, 72(2), 204-211. https://doi.org/10.1016/].ijpsycho.2008.12.008

Kaufman, L. D., Pratt, J., Levine, B., & Black, S. E. (2012). Executive deficits detected in
mild Alzheimer’s disease using the antisaccade task. Brain and Behavior, 2(1), 15-21.

https://doi.org/10.1002/brb3.28

Kiesel, A., Steinhauser, M., Wendt, M., Falkenstein, M., Jost, K., Philipp, A. M., & Koch, L.
(2010). Control and interference in task switching—A review. Psychological Bulletin,

136(5), 849-874. https://doi.org/10.1037/a0019842

Kirchner, W. K. (1958). Age differences in short-term retention of rapidly changing
information. Journal of Experimental Psychology, 55(4), 352-358.
https://doi.org/10.1037/h0043688

Kirschfeld, K. (2005). The physical basis of alpha waves in the electroencephalogram and the
origin of the Berger effect. Biological Cybernetics, 92(3), 177-185.
https://doi.org/10.1007/s00422-005-0547-1

Knaepen, K., Goekint, M., Heyman, E. M., & Meeusen, R. (2010). Neuroplasticity — exercise-
induced response of peripheral brain-derived neurotrophic factor. Sports Medicine, 40(9),

765—801. https://doi.org/10.2165/11534530-000000000-00000

Koch, G., Johansson, U., & Arvidsson, E. (1980). Radioenzymatic determination of
epinephrine, norepinephrine and dopamine in 0.1 ml plasma samples: plasma

catecholamine response to submaximal and near maximal exercise. Journal of Clinical



28

Chemistry and Clinical Biochemistry, 18(6), 367-372.
https://doi.org/10.1515/cclm.1980.18.6.367

Kopp, B., Rdsser, N., Tabeling, S., Stiirenburg, H. J., de Haan, B., Karnath, H. O., & Wessel,
K. (2015). Errors on the Trail Making Test are associated with right hemispheric frontal

lobe damage in stroke patients. Behavioural Neurology, 2015, 1-10.
https://doi.org/10.1155/2015/309235

Krogh, A., & Lindhard, J. (1913). The regulation of respiration and circulation during the
initial stages of muscular work. The Journal of Physiology, 47(1-2), 112—136.

https://doi.org/10.1113/jphysiol.1913.sp001616

Kumar, J. S., & Bhuvaneswari, P. (2012). Analysis of electroencephalography (EEG) signals
and its categorization - A study. Procedia Engineering, 38, 2525-2536.

https://doi.org/10.1016/j.proeng.2012.06.298

Kunasegaran, K., Ismail, A. M. H., Ramasamy, S., Gnanou, J. V., Caszo, B. A., & Chen, P. L.
(2023). Understanding mental fatigue and its detection: a comparative analysis of

assessments and tools. PeerJ, 11, e15744. https://doi.org/10.7717/peerj.15744

Laborde, S., Mosley, E., & Thayer, J. F. (2017). Heart rate variability and cardiac vagal tone

in psychophysiological research — Recommendations for experiment planning, data
analysis, and data reporting. Frontiers in Psychology, 08.
https://doi.org/10.3389/fpsyg.2017.00213

Langner, R., Steinborn, M. B., Chatterjee, A., Sturm, W., & Willmes, K. (2010). Mental
fatigue and temporal preparation in simple reaction-time performance. Acta

Psychologica, 133(1), 64—72. https://doi.org/10.1016/j.actpsy.2009.10.001

Lim, J., Ebstein, R., Tse, C. Y., Monakhov, M., Lai, P. S., Dinges, D. F., & Kwok, K. (2012).
Dopaminergic polymorphisms associated with time-on-task declines and fatigue in the
psychomotor vigilance test. PLoS ONE, 7(3), e33767.
https://doi.org/10.1371/journal.pone.0033767



29

Lim, J., Wu, W., Wang, J., Detre, J. A., Dinges, D. F., & Rao, H. (2010). Imaging brain
fatigue from sustained mental workload: An ASL perfusion study of the time-on-task

effect. Neurolmage, 49(4), 3426-3435. https://doi.org/10.1016/j.neuroimage.2009.11.020

Liston, C., Matalon, S., Hare, T. A., Davidson, M. C., & Casey, B. J. (2006). Anterior
cingulate and posterior parietal cortices are sensitive to dissociable forms of conflict in a
task-switching paradigm. Neuron, 50(4), 643—653.
https://doi.org/10.1016/j.neuron.2006.04.015

Liu, J., Bai, J., & Zhang, D. (2008). Cognitive control explored by linear modelling behaviour
and fMRI data during Stroop tasks. Physiological Measurement, 29(7), 703—710.
https://doi.org/10.1088/0967-3334/29/7/001

Liu, S., Yu, Q., Li, Z., Cunha, P. M., Zhang, Y., Kong, Z., Lin, W., Chen, S., & Cai, Y.
(2020). Effects of acute and chronic exercises on executive function in children and

adolescents: A systemic review and meta-analysis. Frontiers in Psychology, 11.

https://doi.org/10.3389/fpsyg.2020.554915

Loh, S., Lamond, N., Dorrian, J., Roach, G., & Dawson, D. (2004). The validity of
psychomotor vigilance tasks of less than 10-minute duration. Behavior Research
Methods, Instruments, & Computers, 36(2), 339-346.
https://doi.org/10.3758/BF03195580

Loy, B. D., O’Connor, P. J., & Dishman, R. K. (2013). The effect of a single bout of exercise
on energy and fatigue states: a systematic review and meta-analysis. Fatigue:
Biomedicine, Health & Behavior, 1(4), 223-242.
https://doi.org/10.1080/21641846.2013.843266

Ludyga, S., Gerber, M., Brand, S., Holsboer-Trachsler, E., & Piihse, U. (2016). Acute effects
of moderate aerobic exercise on specific aspects of executive function in different age
and fitness groups: A meta-analysis. Psychophysiology, 53(11), 1611-1626.
https://doi.org/10.1111/psyp.12736



30

Luks, T. L., Oliveira, M., Possin, K. L., Bird, A., Miller, B. L., Weiner, M. W., & Kramer, J.
H. (2010). Atrophy in two attention networks is associated with performance on a
Flanker task in neurodegenerative disease. Neuropsychologia, 48(1), 165—170.
https://doi.org/10.1016/j.neuropsychologia.2009.09.001

MacLeod, C. M. (1992). The Stroop task: The “gold standard” of attentional measures.
Journal of Experimental Psychology: General, 121(1), 12—-14.
https://doi.org/10.1037/0096-3445.121.1.12

Matsangas, P., Shattuck, N. L., Mortimore, K., Paghasian, C., & Greene, F. (2019). The 3-
minute Psychomotor Vigilance Task (PVT) embedded in a wrist-worn device: Time of
day effects. Proceedings of the Human Factors and Ergonomics Society Annual Meeting,

63(1), 797-801. https://doi.org/10.1177/1071181319631144

Matsukawa, K. (2012). Central command: control of cardiac sympathetic and vagal efferent
nerve activity and the arterial baroreflex during spontaneous motor behaviour in animals.

Experimental Physiology, 97(1), 20-28. https://doi.org/10.1113/expphysiol.2011.057661

Matuz, A., van der Linden, D., Kisander, Z., Hernadi, L., Kazmér, K., & Csatho, A. (2021).
Enhanced cardiac vagal tone in mental fatigue: Analysis of heart rate variability in Time-
on-Task, recovery, and reactivity. PLOS ONE, 16(3), €0238670.
https://doi.org/10.1371/journal.pone.0238670

McMorris, T. (2021). The acute exercise-cognition interaction: From the catecholamines

hypothesis to an interoception model. International Journal of Psychophysiology, 170,
75—88. https://doi.org/10.1016/].ijpsycho.2021.10.005

McMorris, T., Sproule, J., Turner, A., & Hale, B. J. (2011). Acute, intermediate intensity
exercise, and speed and accuracy in working memory tasks: A meta-analytical
comparison of effects. Physiology & Behavior, 102(3-4), 421-428.
https://doi.org/10.1016/j.physbeh.2010.12.007

Miyake, A., Friedman, N. P., Emerson, M. J., Witzki, A. H., Howerter, A., & Wager, T. D.

(2000). The unity and diversity of executive functions and their contributions to complex



31

“Frontal Lobe” tasks: a latent variable analysis. Cognitive Psychology, 41(1), 49—100.
https://doi.org/10.1006/cogp.1999.0734

Mohanavelu, K., Lamshe, R., Poonguzhali, S., Adalarasu, K., & Jagannath, M. (2017).
Assessment of human fatigue during physical performance using physiological signals: A
review. Biomedical and Pharmacology Journal, 10(4), 1887-1896.
https://doi.org/10.13005/bpj/1308

Molina, E., Sanabria, D., Jung, T. P., & Correa, A. (2019). Electroencephalographic and
peripheral temperature dynamics during a prolonged psychomotor vigilance task.

Accident Analysis & Prevention, 126, 198-208. https://doi.org/10.1016/j.aap.2017.10.014

Moore, C. 1., & Cao, R. (2008). The hemo-neural hypothesis: On the role of blood flow in
information processing. Journal of Neurophysiology, 99(5), 2035-2047.
https://doi.org/10.1152/jn.01366.2006

Moore, D., Jung, M., Hillman, C. H., Kang, M., & Loprinzi, P. D. (2022). Interrelationships
between exercise, functional connectivity, and cognition among healthy adults:

A systematic review. Psychophysiology, 59(6). https://doi.org/10.1111/psyp.14014

Morris, T. P., Fried, P. J., Macone, J., Stillman, A., Gomes-Osman, J., Costa-Miserachs, D.,
Tormos Mutfioz, J. M., Santarnecchi, E., & Pascual-Leone, A. (2020). Light aerobic
exercise modulates executive function and cortical excitability. Furopean Journal of

Neuroscience, 51(7), 1723—1734. https://doi.org/10.1111/ejn.14593

Munoz, D. P., & Everling, S. (2004). Look away: the anti-saccade task and the voluntary
control of eye movement. Nature Reviews Neuroscience, 5(3), 218-228.

https://doi.org/10.1038/nrn1345

Musso, N. R., Gianrossi, R., Pende, A., Vergassola, C., & Lotti, G. (1990). Plasma dopamine
response to sympathetic activation in man: A biphasic pattern. Life Sciences, 47(7), 619—

626. https://doi.org/10.1016/0024-3205(90)90573-A

Nobrega, A. C., & Aratjo, C. G. (1993). Heart rate transient at the onset of active and passive

dynamic exercise. Medicine and Science in Sports and Exercise, 25(1), 37-41.



32

Nogueira, M. G., Silvestrin, M., Barreto, C. S. F., Sato, J. R., Mesquita, R. C., Biazoli, C., &
Baptista, A. F. (2022). Differences in brain activity between fast and slow responses on
psychomotor vigilance task: an fNIRS study. Brain Imaging and Behavior, 16(4), 1563—
1574. https://doi.org/10.1007/s11682-021-00611-8

Nurhayati, Y., & Boutcher, S. H. (1998). Cardiovascular response to passive cycle exercise.
Medicine &amp Science in Sports &amp Exercise, 30(2), 234-238.
https://doi.org/10.1097/00005768-199802000-00010

Ogawa, S., Lee, T. M., Kay, A. R., & Tank, D. W. (1990). Brain magnetic resonance imaging
with contrast dependent on blood oxygenation. Proceedings of the National Academy of

Sciences, 87(24), 9868-9872. https://doi.org/10.1073/pnas.87.24.9868

Ogoh, S., & Ainslie, P. N. (2009). Cerebral blood flow during exercise: mechanisms of
regulation. Journal of Applied Physiology (Bethesda, Md. : 1985), 107(5), 1370-1380.
https://doi.org/10.1152/japplphysiol.00573.2009

Ott, T., & Nieder, A. (2019). Dopamine and cognitive control in prefrontal cortex. Trends in
Cognitive Sciences, 23(3), 213-234. https://doi.org/10.1016/j.tics.2018.12.006

Owen, A. M., McMillan, K. M., Laird, A. R., & Bullmore, E. (2005). N-back working
memory paradigm: A meta-analysis of normative functional neuroimaging studies.

Human Brain Mapping, 25(1), 46—59. https://doi.org/10.1002/hbm.20131

Pattyn, N., Neyt, X., Henderickx, D., & Soetens, E. (2008). Psychophysiological investigation
of vigilance decrement: boredom or cognitive fatigue? Physiology & Behavior, 93(1-2),

369-378. https://doi.org/10.1016/j.physbeh.2007.09.016

Petrella, A. F. M., Belfry, G., & Heath, M. (2019). Older adults elicit a single-bout post-
exercise executive benefit across a continuum of aerobically supported metabolic
intensities. Brain Research, 1712, 197-206.
https://doi.org/10.1016/j.brainres.2019.02.009



33

Pierce, J. E., & McDowell, J. E. (2016). Effects of preparation time and trial type probability
on performance of anti- and pro-saccades. Acta Psychologica, 164, 188—194.

https://doi.org/10.1016/j.actpsy.2016.01.013

Pierrot-Deseilligny, C., Rivaud, S., Gaymard, B., Miiri, R., & Vermersch, A. L. (1995).
Cortical control of saccades. Annals of Neurology, 37(5), 557-567.
https://doi.org/10.1002/ana.410370504

Plenger, P., Krishnan, K., Cloud, M., Bosworth, C., Qualls, D., & Marquez de la Plata, C.
(2016). fNIRS-based investigation of the Stroop task after TBI. Brain Imaging and
Behavior, 10(2), 357-366. https://doi.org/10.1007/s11682-015-9401-9

Rajab, A. S., Crane, D. E., Middleton, L. E., Robertson, A. D., Hampson, M., & MaclIntosh, B.
J. (2014). A single session of exercise increases connectivity in sensorimotor-related

brain networks: a resting-state fMRI study in young healthy adults. Frontiers in Human

Neuroscience, 8. https://doi.org/10.3389/fnhum.2014.00625

Rammsayer, T. H. (1993). On dopaminergic modulation of temporal information processing.

Biological Psychology, 36(3), 209—222. https://doi.org/10.1016/0301-0511(93)90018-4

Royall, D. R., Lauterbach, E. C., Cummings, J. L., Reeve, A., Rummans, T. A., Kaufer, D. L,
LaFrance, W. C., & Coffey, C. E. (2002). Executive control function: a review of its
promise and challenges for clinical research. A report from the Committee on Research
of the American Neuropsychiatric Association. The Journal of Neuropsychiatry and

Clinical Neurosciences, 14(4), 377—405. https://doi.org/10.1176/jnp.14.4.377

Rupp, T. L. (2013). Psychomotor Vigilance Performance. In Encyclopedia of Sleep (pp. 102—
104). Elsevier. https://doi.org/10.1016/B978-0-12-378610-4.00148-0

Saner, N. J., Lee, M. J., Pitchford, N. W., Broatch, J. R., Roach, G. D., Bishop, D. J., &
Bartlett, J. D. (2024). The effect of sleep restriction, with or without high-intensity
interval exercise, on behavioural alertness and mood state in young healthy males.

Journal of Sleep Research, 33(2). https://doi.org/10.1111/jsr.13987



34

Sassi, R., Cerutti, S., Lombardi, F., Malik, M., Huikuri, H. V., Peng, C. K., Schmidt, G.,
Yamamoto, Y., Gorenek, B., Lip, G. Y. H., Grassi, G., Kudaiberdieva, G., Fisher, J. P.,
Zabel, M., & Macfadyen, R. (2015). Advances in heart rate variability signal analysis:
joint position statement by the e-Cardiology ESC Working Group and the European
Heart Rhythm Association co-endorsed by the Asia Pacific Heart Rhythm Society.
Europace, 17(9), 1341-1353. https://doi.org/10.1093/europace/euv015

Sato, K., Moriyama, M., & Sadamoto, T. (2009). Influence of central command on cerebral

blood flow at the onset of exercise in women. Experimental Physiology, 94(11), 1139—
1146. https://doi.org/10.1113/expphysiol.2009.048587

Schmitt, A., Upadhyay, N., Martin, J. A., Rojas, S., Striider, H. K., & Boecker, H. (2019).
Modulation of distinct intrinsic resting state brain networks by acute exercise bouts of

differing intensity. Brain Plasticity, 5(1), 39-55. https://doi.org/10.3233/BPL-190081

Shi, B., Mou, H., Tian, S., Meng, F., & Qiu, F. (2022). Effects of acute exercise on cognitive
flexibility in young adults with different levels of aerobic fitness. International Journal of
Environmental Research and Public Health, 19(15), 9106.
https://doi.org/10.3390/ijerph19159106

Shirzad, M., Tari, B., Dalton, C., Van Riesen, J., Marsala, M. J., & Heath, M. (2022). Passive
exercise increases cerebral blood flow velocity and supports a postexercise executive

function benefit. Psychophysiology, 59(12), e14132. https://doi.org/10.1111/psyp.14132

Shukla, D., & Heath, M. (2022). A single bout of exercise provides a persistent benefit to
cognitive flexibility. Research Quarterly for Exercise and Sport, 93(3), 516-527.
https://doi.org/10.1080/02701367.2021.1873902

Slutsky, A. B., Diekfuss, J. A., Janssen, J. A., Berry, N. T., Shih, C. H., Raisbeck, L. D.,
Wideman, L., & Etnier, J. L. (2017). The effects of low-intensity cycling on cognitive

performance following sleep deprivation. Physiology & Behavior, 180, 25-30.
https://doi.org/10.1016/j.physbeh.2017.07.033



35

Stroop, J. R. (1935). Studies of interference in serial verbal reactions. Journal of Experimental

Psychology, 18(6), 643—662. https://doi.org/10.1037/h0054651

Stuss, D. T., Floden, D., Alexander, M. P., Levine, B., & Katz, D. (2001). Stroop performance
in focal lesion patients: dissociation of processes and frontal lobe lesion location.

Neuropsychologia, 39(8), 771-786. https://doi.org/10.1016/S0028-3932(01)00013-6

Stute, K., Hudl, N., Stojan, R., & Voelcker-Rehage, C. (2020). Shedding light on the effects of
moderate acute exercise on working memory performance in healthy older adults: An

fNIRS study. Brain Sciences, 10(11), 813. https://doi.org/10.3390/brainscil0110813

Tari, B., Ahn, J., Dalton, C., Young Choo, S., & Heath, M. (2023). Cerebral blood flow and
immediate and sustained executive function benefits following single bouts of passive
and active exercise. Brain and Cognition, 166, 105953.

https://doi.org/10.1016/j.bandc.2023.105953

Tari, B., Shirzad, M., Behboodpour, N., Belfry, G. R., & Heath, M. (2021). Exercise intensity-
specific changes to cerebral blood velocity do not modulate a postexercise executive
function benefit. Neuropsychologia, 161, 108018.
https://doi.org/10.1016/j.neuropsychologia.2021.108018

Tari, B., Vanhie, J. J., Belfry, G. R., Shoemaker, J. K., & Heath, M. (2020). Increased cerebral
blood flow supports a single-bout postexercise benefit to executive function: evidence
from hypercapnia. Journal of Neurophysiology, 124(3), 930-940.
https://doi.org/10.1152/jn.00240.2020

Trajkovska, V., Marcussen, A. B., Vinberg, M., Hartvig, P., Aznar, S., & Knudsen, G. M.
(2007). Measurements of brain-derived neurotrophic factor: Methodological aspects and
demographical data. Brain Research Bulletin, 73(1-3), 143—-149.
https://doi.org/10.1016/j.brainresbull.2007.03.009

Tran, Y., Craig, A., Craig, R., Chai, R., & Nguyen, H. (2020). The influence of mental fatigue
on brain activity: Evidence from a systematic review with meta-analyses.

Psychophysiology, 57(5), e13554. https://doi.org/10.1111/psyp.13554



36

Tsuchida, A., & Fellows, L. K. (2009). Lesion evidence that two distinct regions within
prefrontal cortex are critical for n-back performance in humans. Journal of Cognitive

Neuroscience, 21(12), 2263-2275. https://doi.org/10.1162/jocn.2008.21172

van der Linden, D., Frese, M., & Sonnentag, S. (2003). The impact of mental fatigue on
exploration in a complex computer task: Rigidity and loss of systematic strategies.
Human Factors: The Journal of the Human Factors and Ergonomics Society, 45(3), 483—
494. https://doi.org/10.1518/hfes.45.3.483.27256

van Ravenswaaij-Arts, C. M. A. (1993). Heart rate variability. Annals of Internal Medicine,
118(6), 436. https://doi.org/10.7326/0003-4819-118-6-199303150-00008

Vaynman, S., Ying, Z., & Gomez-Pinilla, F. (2004). Hippocampal BDNF mediates the
efficacy of exercise on synaptic plasticity and cognition. European Journal of

Neuroscience, 20(10), 2580-2590. https://doi.org/10.1111/5.1460-9568.2004.03720.x

Verburgh, L., Konigs, M., Scherder, E. J. A., & Oosterlaan, J. (2014). Physical exercise and
executive functions in preadolescent children, adolescents and young adults: a meta-
analysis. British Journal of Sports Medicine, 48(12), 973-979.
https://doi.org/10.1136/bjsports-2012-091441

Victor, R. G., Secher, N. H., Lyson, T., & Mitchell, J. H. (1995). Central command increases
muscle sympathetic nerve activity during intense intermittent isometric exercise in

humans. Circulation Research, 76(1), 127—131. https://doi.org/10.1161/01.RES.76.1.127

Voss, M. W., Prakash, R. S., Erickson, K. 1., Basak, C., Chaddock, L., Kim, J. S., Alves, H.,
Heo, S., Szabo, A. N., White, S. M., W¢jcicki, T. R., Mailey, E. L., Gothe, N., Olson, E.
A., McAuley, E., & Kramer, A. F. (2010). Plasticity of brain networks in a randomized
intervention trial of exercise training in older adults. Frontiers in Aging Neuroscience, 2:

32. https://doi.org/10.3389/thagi.2010.00032

Weiler, J., Hassall, C. D., Krigolson, O. E., & Heath, M. (2015). The unidirectional

prosaccade switch-cost: Electroencephalographic evidence of task-set inertia in



37

oculomotor control. Behavioural Brain Research, 278, 323-329.

https://doi.org/10.1016/j.bbr.2014.10.012

Wright, K. P., Hull, J. T., & Czeisler, C. A. (2002). Relationship between alertness,
performance, and body temperature in humans. American Journal of Physiology-
Regulatory, Integrative and Comparative Physiology, 283(6), R1370-R1377.
https://doi.org/10.1152/ajpregu.00205.2002

Wurtz, R. H., & Albano, J. E. (1980). Visual-motor function of the primate superior colliculus.
Annual Review of Neuroscience, 3(1), 189-226.
https://doi.org/10.1146/annurev.ne.03.030180.001201

Wryatt, J. K., Cecco, A. R. D., Czeisler, C. A., & Dijk, D. J. (1999). Circadian temperature and
melatonin rhythms, sleep, and neurobehavioral function in humans living on a 20-h day.

American Journal of Physiology-Regulatory, Integrative and Comparative Physiology,
277(4), R1152—-R1163. https://doi.org/10.1152/ajpregu.1999.277.4.R1152

Yanagisawa, H., Dan, 1., Tsuzuki, D., Kato, M., Okamoto, M., Kyutoku, Y., & Soya, H.
(2010). Acute moderate exercise elicits increased dorsolateral prefrontal activation and

improves cognitive performance with Stroop test. Neurolmage, 50(4), 1702—1710.
https://doi.org/10.1016/j.neuroimage.2009.12.023

Yaple, Z. A., Stevens, W. D., & Arsalidou, M. (2019). Meta-analyses of the n-back working
memory task: fMRI evidence of age-related changes in prefrontal cortex involvement

across the adult lifespan. Neurolmage, 196, 16-31.
https://doi.org/10.1016/j.neuroimage.2019.03.074

Yaple, Z., & Arsalidou, M. (2018). N -back Working Memory Task: Meta-analysis of
normative fMRI studies with children. Child Development, 89(6), 2010-2022.
https://doi.org/10.1111/cdev.13080

Zhao, J. H., Tian, X. J., Liu, Y. X., Yuan, B., Zhai, K. H., Wang, C. W., Yue, J. Y., Zhang, L.
J.,Li, Q. Yan, H. Q., Li, G. M., & Ji, S. B. (2013). Executive dysfunction in patients



with cerebral hypoperfusion after cerebral angiostenosis/ccclusion. Neurologia Medico-

Chirurgica, 53(3), 141-147. https://doi.org/10.2176/nmc.53.141

38



39

Chapter 2

2 Introduction

Executive function (EF) entails the top-down cognitive processes supporting activities of
daily living and includes the core components of inhibitory control, working memory and
cognitive flexibility (Diamond, 2013; Miyake et al., 2000). In turn, mental fatigue (MF)
is a psychophysiological state of tiredness arising from cognitively demanding tasks that
reduce the efficiency (e.g., increased reaction time [RT]) and effectiveness (e.g.,
increased performance errors) of EF measures (for review see, Kunasegaran et al., 2023).
The psychomotor vigilance task (PVT) is frequently used to induce and assess MF and is
a sustained attention task requiring that participants input a response to a series of
exogenous stimuli presented over a set period of time (Dinges and Powell, 1985). For
example, Lim and colleagues (2010) evaluated the neural correlates of the “time-on-task”™
effect, and its association with subjective ratings of MF. Participants completed a 20-min
PVT while arterial spin labeling perfusion functional magnetic resonance imaging (fMRI)
was implemented to examine brain activation and cerebral blood flow (CBF) prior to and
post-PVT. Results showed that RT and CBF increased and decreased, respectively, as a
function of the time spent on the PVT task and these changes were related to increases in
subjective MF. Furthermore, an extensive literature has demonstrated the negative effects
of MF on EF (Ahn et al., 2023; Holtzer et al., 2011; Kato et al., 2009; van der Linden et
al., 2003). Indeed, persons with executive dysfunction arising from mild traumatic brain
injury (for review see, Zgaljardic et al., 2013) and negative internal- and externalizing
behaviours (Krabbe et al., 2017) show more rapid and larger magnitude objective and
subjective measures of MF when exposed to a sustained vigilance task. Beyond a clinical
domain, it also is important to understand the relationship between EF and MF in
occupations requiring sustained attention and MF resistance (e.g., air traffic controllers)

to understand how to ameliorate MF-induced performance deficits.

In contrast to an EF decrement, an extensive literature has reported that a single bout of
aerobic and/or resistance exercise elicits a postexercise EF benefit (for meta-analyses see,
Chang et al., 2012; Ishihara et al., 2021; Lambourne and Tomprowoski, 2010; Ludyga et

al., 2016). This benefit has been — in part — attributed to an exercise-based increase in
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CBF that improves the efficiency of the local-neural circuits supporting EF networks
(i.e., the hemo-neural hypothesis) (Moore and Cao, 2008). For example, Tari et al. (2020)
had participants complete separate 10-min conditions involving: (1) a single bout of
aerobic exercise, (2) the inhalation of a higher-than-atmospheric concentration of CO;
(i.e., hypercapnic condition), and (3) a non-exercise and non-hypercapnic control
condition. The hypercapnic condition was used because it increases CBF (via pH induced
vasodilation) independent of the metabolic demands of exercise (Ainslie and Duffin,
2009; Hoiland et al., 2019). Results showed that exercise and hypercapnic conditions
produced a reliable postexercise EF benefit that was linked to an intervention-based
increase in CBF. Further, Shirzad et al. (2022) had participants complete separate 20-min
bouts of passive exercise (i.e., participants’ lower limbs were moved via a mechanically
driven cycle ergometer), traditional active (i.e., volitional) exercise, and a non-exercise
control to evaluate their effects on EF and CBF. Unlike traditional active exercise,
passive exercise does not require agonist muscle activation and does not increase
ventilatory or gas exchange variables associated with volitional exercise (Shirzad et al.,
2022). In spite of the fact that passive exercise does not render an increase in metabolic
demands, the protocol does elicit an increase in CBF via feedforward central commands
and the activation of mechanosensitive type /// muscle afferent activation that stimulate
the primary and somatosensory cortices to increase cardiac output and stroke volume
(Eldridge et al., 1985; Gladwell & Coote, 2002; Goodwin et al., 1972; Krogh and
Lindhard, 1913; Matsukawa, 2012; Nobrega and Araujo, 1993; Nurhayati & Boutcher,
1998; Victor et al., 1995). Shirzad et al. (2022) demonstrated that passive and active
exercise increased CBF, although the magnitude of the increase was smaller in the former
condition. More notably, both conditions produced an equivalent magnitude postexercise
EF benefit that was reliably related to an increase in CBF. Thus, an increase in CBF
independent of the metabolic and energy costs of exercise provides a postexercise EF

benefit.

To our knowledge only one previous study addressed the impact of an exercise
intervention on EF and MF. In that study, Ahn et al. (2023) had participants complete a
20-min bout of passive exercise (via cycle ergometry at a pedaling frequency of 70 rpm)

and a non-exercise control condition simultaneous with a PVT protocol. EF was assessed
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prior to and immediately after the simultaneous exercise/control and PVT intervention
via the pro- and antisaccade tasks. Prosaccades require a goal-directed eye movement
(i.e., saccade) to the veridical location of a target and are mediated largely independent of
EF via direct retinotopic projections to the superior colliculus (Wurtz and Albano, 1980).
In contrast, antisaccades require a response mirror-symmetrical to a target and result in
longer RTs (Hallett, 1978), increased directional errors (Fischer and Weber, 1982) and
less accurate and more variable endpoints (Gillen and Heath, 2014) than their prosaccade
counterparts. Extensive neuroimaging and lesions studies in humans, as well as
electrophysiology and transient cooling studies in non-human primates, have attributed
the behavioural ‘costs’ of antisaccades to the time-consuming EF demands of inhibiting a
pre-potent prosaccade and the 180° spatial transposition of a target’s coordinates (for
review see Munoz and Everling, 2004). Moreover, the hands- and language-free nature of
the antisaccade task has been shown to provide the resolution for detecting subtle EF
changes following exercise (for extensive review see Zou et al. 2023). Ahn et al. (2023)
showed that PVT RTs for exercise and control conditions showed an equivalent
magnitude increase from the first to the last five minutes of the intervention; that is,
results showed that the PVT was associated with an objective increase in MF. In turn, at
the post-intervention assessment the control condition showed an increase in antisaccade
RTs, whereas the passive condition showed a decrease in antisaccade RTs. In other
words, passive exercise performed simultaneous with the PVT provided a

neuroprotective mechanism that ameliorated a post-PVT EF deficit.

Three issues remain from Ahn et al.’s (2023) work. The first reflects that Ahn et al.
employed a passive — but not active — exercise condition. Only a passive condition was
employed by Ahn et al. because the protocol provided a safe environment to assess the
potential link between exercise, EF and MF during the SARS CoV-2 pandemic. Thus, it
is unclear whether active exercise may ameliorate a MF-induced EF deficit distinct from
passive exercise. The second issue is whether a single bout of passive and/or active
exercise completed in advance of the PVT renders decreased objective and subjective
measures of MF; that is, does exercise offer a neuroprotective benefit from a MF-
inducing protocol. The third issue is that Ahn et al. did not provide a neurophysiological

measure (e.g., transcranial Doppler ultrasound, functional near infra-red spectroscopy) to
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examine the link between exercise, EF and CBF. To that end, the present work had
participants complete separate 20-min single bouts of passive and active cycle ergometry
as well as a non-exercise control condition and evaluated pre- and immediate
postexercise EF via the antisaccade task. Subsequently, and in all conditions, participants
completed a 20-min PVT protocol and we examined whether the prior intervention (i.e.,
control, passive and active exercise) influenced the magnitude of objective and subjective
measures of MF. MCAv was measured during each condition and the PVT to examine
the potential relationship(s) between CBF and EF and performance-based changes on the
PVT. In particular, we sought to determine whether the relationship between an exercise-
based increase in MCAv and postexercise EF benefit influenced the magnitude of a PVT-
based MCAv change and associated objective measure of MF. On a practical level, the
present work provides a framework by which to determine whether exercise performed in
advance of an occupational task requiring sustained attention (e.g., air traffic controller)
provides an intervention that ameliorates MF. In terms of research predictions, it is
hypothesized that passive and active exercise will increase CBF — albeit with a larger
increase in the latter condition — and that this change will be linked to a postexercise
reduction in antisaccade RTs. In other words, it is predicted that an exercise-mediated
increase in CBF will be associated with a postexercise EF benefit. As well, it is
hypothesized that the postexercise EF benefit associated with passive and active exercise
conditions will provide a neuroprotective benefit decreasing objective and subjective
measures associated with subsequent performance on the PVT. Moreover, it is predicted
that the PVT will render a decrease in CBF; however, we hypothesize this reduction will

be lessened by a previously performed passive and/or active exercise intervention.

2.1 Methods
2.1.1 Participants

Twenty-two (13 female, 9 male) healthy young adults (average age: 22.4 years, SD = 3.3;
range: 18 - 27) volunteered to participate in this study. The sample size was determined a
priori via a power analysis based on Shirzad et al.’s (2022) work comparing pre- and
postexercise antisaccade RTs (a = 0.05, power = 0.80, d, = 0.60). Inclusion criteria

entailed: self-reported normal or corrected-to-normal vision; no history of neurological
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impairment (including concussion), neuropsychiatric disorder, cardiovascular or
metabolic disease; non-smoking; not taking medications affecting metabolic,
hemodynamic, cardiac or respiratory responses to exercise. Participants were asked to
refrain from alcohol and recreational drugs 12 h prior to a study session and were
requested to get eight hours of sleep the night prior to each session. Participants were
directed to drink 555 mL of water one hour before the session and consume a “normal”
breakfast on the morning of each session. Participants were deemed “physically ready” to
exercise via the Physical Activity Readiness Questionnaire (PAR-Q) (Warburton et al.,
2021) and were “active” as determined by the Godin Leisure-Time Exercise
Questionnaire (GLETQ) (Godin, 2011) (average GLETQ score = 50, SD = 22.7). The
Pittsburgh Sleep Quality Index (PSQI) (Buysse et al., 1989) was used to evaluate
participants’ subjective rating of sleep quality, and participants were required to receive a
score less than or equal to 7. The PSQI was to ensure that poor sleep habits did not
influence day-to-day measures of subjective fatigue. The average PSQI score was 4 (SD

= 1.6) and indicated that participants were “good” sleepers.

Participants provided informed written consent via a protocol approved by the Health
Sciences Research Ethics Board, University of Western Ontario (HSREB #124382) and
this study conformed to the most recent iteration of the Declaration of Helsinki with the

exception that participants were not registered in a database.

2.1.2 Experimental Overview

Participants completed active and passive exercise and control conditions on separate
days at the same time of day. The order in which conditions were completed was
counterbalanced. Each session required approximately 120-min to complete. Figure 1
provides a schematic of the timeline of study events and shows that for control, passive
and active exercise conditions a baseline oculomotor assessment was first performed and
followed by an associated intervention (i.e., 26-min of no-exercise (control) or same
duration passive and active exercise intervention). Subsequently, a post-intervention
oculomotor assessment was completed after which participants completed a 20-min PVT
protocol. MCAv was recorded via TCD throughout each intervention and the PVT to

estimate CBF. As well, subjective measures of MF were taken prior to and immediately
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after the intervention and the PVT. Upon arrival to the lab, participants were provided a
20-min baseline period. The baseline period was used to account for the locomotor-based

physiological costs of arriving to the lab.
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Figure 1. Panel A shows a timeline of experimental events for control (green), passive
(blue) and active (red) exercise conditions. The eye icon represents when oculomotor EF
assessments were conducted (i.e., prior to and post each condition). In the passive and
active exercise conditions, following the baseline EF assessment and assessment of
physiological measures (i.e., heart rate (HR) and middle cerebral artery velocity
(MCAV)), participants completed a 2-min warmup (i.e., mechanically-driven pedaling at
a cadence of 40 rpm and volitional pedaling at a cadence of 40 RPM and 15 W,
respectively), followed by a 20-min intervention (i.e., mechanically-driven pedaling at a
cadence of 70 rpm and volitional pedaling at a cadence of 70 rpm and 37 W,
respectively), and a 2-min cooldown at the same intensity as the warmup. For the control
condition, participants remained seated on the cycle ergometer without passive or active
pedal movement. During the last minute of the intervention (‘steady-state’) HR and
MCAv data were recorded. Following the second EF assessment, participants performed
the PVT and HR and MCAvV were continuously recorded during this timeframe. Panel B

shows the timing and schematic of events for the prosaccade and antisaccade tasks.

2.1.3 Passive, active and control conditions

For the duration of control, active and passive conditions participants sat on an upright

active-passive cycle ergometer (E-PAT AP; Healthcare International, Langley, WA,
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USA). Participants feet were securely strapped to the pedals of the ergometer such that
their legs achieved approximately 85% of full extension upon completion of a
passive/active pedal stroke. Prior to each condition, participants sat for 2-min while
baseline physiological measures were taken (i.e., MCAv and HR). Subsequently, during
the passive exercise condition, participants completed a 2-min mechanically driven
warm-up at 40 rpm, followed by a step-transition to 70-rpm for the 20-min intervention,
after which a 2-min cool-down at 40 rpm took place. Further, we note that previous work
employing electromyography has shown that the passive exercise protocol used here does
not result in volitional muscle activity and does not elicit a baseline to steady-state
change in cardiorespiratory measures (i.e., VO,, VCO», ventilation, end-tidal CO»
(Shirzad et al. 2022; Tari et al. 2023). The same timeline was followed for the active
exercise condition; however, for the warm-up and cool-down, participants pedaled
volitionally at a cadence of 40 rpm with a resistance of 15 W, and for the 20-min
intervention participants pedaled at 70 rpm with a resistance of 37 W. For the control
condition, participants were seated for 26-min (time-matched to the other conditions)
without exercising. Throughout the 26-min timeline for all interventions participants

were able to chat with the experimenters.

2.1.4 Oculomotor assessment

Oculomotor assessments of EF were completed prior to (i.e., pre-intervention) and
immediately following (i.e., post-intervention) control, passive and active exercise
conditions. For each assessment, participants sat on a chair in front of a table upon which
an LCD monitor (60 Hz, 8 ms response rate, 1280%960 pixels; Dell 3007WFP, Round
Rock, TX) was placed 550 mm from the table’s front edge. Participants rested their chin
on a head-chin rest and the gaze location of their left eye was monitored using a video-
based eye tracking system (EyeLink 1000 Plus; SR Research, Ottawa, ON, Canada)
sampling at 1000 Hz. Before the start of an oculomotor assessment, a nine-point
calibration and validation (i.e., <1 of error) of the participant’s viewing space was
completed. MATLAB and the Psychophysics Toolbox extension (v. 3.0) (Brainard, 2004;
Kleiner et al., 2007), including the EyeLink Toolbox (Cornelissen et al., 2002) were used
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to control all computer events. For all experimental sessions, the lights in the

experimental suite were dimmed to produce an ambient luminance of 8 cd/m?.

Visual stimuli were displayed on a high-contrast black screen (0.1 ¢d/m?) and included a
white fixation cross (1° in diameter: 127 c¢d/m?) and open “target” circles (1° in diameter:
127 cd/m?). The fixation cross was displayed for a randomized and uniformly distributed
foreperiod (1000 to 2000 ms) after which the target circle was displayed for 50 ms 13.5°
(proximal target) and 16.5" (distal target) left and right of the fixation and in the same
horizontal plane. The fixation cross was presented throughout a trial (i.e., overlap
paradigm) and onset of the target served as the imperative to pro- (i.e., saccade to target)
or antisaccade (i.e., saccade mirror-symmetrical to target). For each oculomotor
assessment, pro- and antisaccades were completed in separate and randomly ordered
blocks involving 60 trials pseudo-randomly ordered to each target location (i.e.,
proximal, distal) and visual space (i.e., left and right of fixation). Each oculomotor

assessment (including calibration time) required approximately 13 min to complete.

2.1.5 Psychomotor vigilance task (PVT)

Following the post-intervention oculomotor assessment, participants completed a 20-min
PVT protocol (PC-PVT, Biotechnology HPC Software Applications Institute, Frederick,
MD, USA) to induce and assess MF. The PVT was presented on the same monitor set-up
as the oculomotor assessment. The protocol required that participants direct their gaze
towards the center of a high-contrast black screen (0.1 cd/m?). Following a random and
uniformly distributed interval between 2 and 10 s, a target stimulus (i.e., a timer counting
the ms lapsing since the onset of its presentation) (2°, 127 cd/m?) appeared on the screen.
Participants used their dominant hand to complete a left “click” on a computer mouse in
response to stimulus onset ”as quickly as possible”. Participants were provided on-screen
feedback regarding the speed of their response for 500 ms before the screen was
“blanked” for a subsequent trial. As per the control, active and passive exercise

conditions, MCAv and HR were continuously measured during the PVT protocol.
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2.1.6 Middle cerebral artery velocity (MCAv) and heart rate (HR)
collection
A TCD probe (Neurovision 500 M, Neurovision TOC2M; Multigon Industries, Elmsford,
CA) covered in aqueous ultrasound gel (Aquasonic Clear, Parker Laboratories Inc.,
Fairfield, NJ) was placed on the right anterior temporal window and secured via an
adjustable headband to measure MCAv and estimate CBF. Notably, the TCD technique
used here has been shown to provide a reliable proxy for a direct measure of CBF (i.e.,
Xenon 133 tracing: see Bishop et al., 1986). HR was measured using a wearable heart
rate monitor secured to the participant’s sternum (Polar Electro T34; Polar Electro Oy,

Kempele, Finland).

2.1.7 Subijective rating of mental fatigue

For each condition, a seven-point Likert scale asking, “How mentally fatigued do you
feel right now?” (i.e., 1 indicated “not mentally fatigued at all”, 7 indicated “very
mentally fatigued”) was provided to participants prior to and following each intervention

and prior to and following the PVT.

2.1.8 Dependent variables, data reduction and statistical analyses

TCD data involving signal aliasing/loss (e.g., head shift) were excluded (Terslev et al.,
2017) and peak systolic MCAv were analyzed (Clyde et al., 1996) given that it provides a
valid proxy for a direct measure of CBF (i.e., Xenon 133 tracing: Bishop et al. 1986). For
the intervention phase of this investigation, MCAv and HR were analyzed via separate 3
(condition: active, passive, control) by 2 (time: baseline [i.e., ] min interval prior to
warm-up], steady state [i.e., last min of the intervention]) fully repeated measures
ANOVAs (0=0.05). For the PVT phase of this investigation, MCAv and HR were
analyzed via a 3 (condition: active, passive, control) by 2 (time: first min of PVT, last

min of PVT) fully repeated measures ANOVAs (a = .05).

For the oculomotor EF assessment, gaze position data were filtered via a dual-pass
Butterworth filter with a low-pass cut-off frequency of 15 Hz. A five-point central-finite
difference algorithm was used to determine instantaneous velocities and accelerations.

Saccade onset was determined when velocity and acceleration were greater than 30°/s
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and 8000°/s?, respectively. Saccade offset was determined when velocity was less than
30°/s for 40 ms. Oculomotor dependent variables included RT (time from target onset to
saccade onset), saccade duration (time from saccade onset to offset) and saccade gain
(saccade amplitude/veridical target location). Trials were excluded for signal loss (i.e.,
eye blink), anticipatory responses (RTs < 50 ms), and RTs > 2.5 standard deviations from
a participant-specific mean. Trials involving directional errors (i.e., prosaccade instead of
antisaccade) were excluded because they are mediated via planning mechanisms distinct
from their directionally correct counterparts (DeSimone et al., 2011). Based on the
aforementioned criteria, not more than 12% of the trials for any participant were
excluded. Oculomotor dependent variables were analyzed via 3 (condition: active,
passive, control) by 2 (time: pre-, post-intervention) by 2 (task: prosaccade, antisaccade)

fully repeated measures ANOVAs (alpha = .05).

HR, MCAv and oculomotor dependent variables were assessed for normality and mean
values were subsequently used for their analyses. Significant main effects and
interactions were decomposed via simple effects (i.e., reduced model ANOVA and/or
paired-samples t-tests) and Hyunh-Feldt corrections for sphericity were included when
appropriate (i.e., corrected degrees of freedom to one decimal place). In addition to
frequentist statistics, Bayesian paired samples t-test contrasts (Cauchy
distribution=0.707) were used to evaluate the null hypothesis (i.e., BFo1). Jeffreys’ (1961)
nomenclature of “anecdotal” (i.e., 1 to <3), “moderate” (i.e., 3 to <10), “strong” (i.e., 10

to <100) and “very strong” (i.e., >100) was used to contextualize Bayes factor robustness.

For the PVT, RTs (i.e., time from stimulus appearance to mouse click) were analyzed via
3 (condition: active, passive, control) by 2 (time: first and last five minutes of the
protocol) repeated measures ANOVA. Median RTs were used given the positive skew of
the RT distribution (see Figure 5). In line with previous work, we did not remove any RT
values from the PVT data set given that longer values have been shown to indicate a
lapse of attention in a sustained vigilance task (Rupp, 2013). Subjective ratings of MF
were analyzed via 3 (condition: active, passive, control) by 4 (time: pre-intervention,

post-intervention, pre-PVT, post-PVT) repeated measures ANOVA.
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2.2 Results

2.2.1 Control, active and passive interventions: physiological and
oculomotor measures:

HR and MCAVv: Results generated main effects for condition, Fs(2, 42) = 78.13 and

14.70 for HR and MCALv, respectively, ps <.001, np> = 0.79 and 0.41, time, F(1, 21) =

116.12 and 248.89, p <.001, 1> = 0.85 and 0.92, and their interactions, F(2, 42) = 143.23

and 154.34, p <.001, n,> = 0.87 and 0.88. In terms of HR, control and passive exercise
condition values did not reliably vary from baseline (control: 76 bpm, SD = 10, passive:
81 bpm, SD = 8) to steady state (control: 76 bpm, SD = 11, passive: 82 bpm, SD =9)
(ts[21]=-0.61 and -1.28, ps =.55 and.21, d, = -0.13 and -0.27 respectively), whereas for
the active exercise condition values increased from baseline (81 bpm, SD = 12) to steady
state (123 bpm, SD = 18) (t[21] =-12.25, p <.001, d, = -2.61). In terms of MCAv, Figure
3 shows that control condition values did not reliably vary from baseline to steady state
(t[21]1=10.83, p = .42, d, = 0.18), whereas values for active and passive exercise
conditions increased during the same time period (ts[21] =-15.12 and -10.83, ps <.001, d,
=-3.22 and -2.31). As well, we computed participant-specific MCAv difference scores
(steady state minus baseline) and observed that values were greater in the active (28 cm/s,
SD = 9) than the passive exercise (8 cm/s, SD = 4) condition (t[21]=11.49, p <.001, d, =
2.45).
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Figure 2. The left panel shows control, active, and passive exercise condition participant-
specific and group mean systolic middle cerebral artery velocity (MCAV) at baseline
(BSL) and steady state (i.e., SS). The right panel depicts the group mean MCAv
difference scores (i.e., SS — baseline). Error bars indicate 95% between-participant

confidence intervals.

Participant-specific percentages of predicted maximum heart rate (%o HRmax) were
computed for the active exercise condition and produced a mean value of 62% (SD = 9:
range: 44-74%) and thus indicates that participants exercised at a moderate-intensity (for

classification of exercise intensity see, Warburton et al., 2006).

Oculomotor performance: RT yielded a main effect for time, F(1, 21) =25.43, p <.001,
Ny’ = 0.55, and task, F(1,21) =70.51, p<.001,n,> = 0.77, and interactions involving
time by task, F(1,21) = 16.15, p <.001, np,> = 0.44, and condition by time by task, F(2,
42)=5.58, p=.007, np> = 0.21. Figure 4 demonstrates the general finding that RTs for
prosaccades (204 ms, SD = 23) were shorter than antisaccades (267 ms, SD =51) —a
result independent of time of assessment and condition. In decomposing the highest-order
interaction, we contrasted pre- and post-intervention pro- and antisaccade RTs separately
for each condition. As shown in Figure 4, prosaccade RTs did not reliably change from
pre- to post-intervention across control, passive and active conditions (ts[21] <2.07, ps

>.05, d, < 0.45). For antisaccades, RTs decreased from pre- to post-intervention across
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each condition (ts[21] = 2.41, 3.90, 4.30, p =.03, <.001 and <.001 d, = 0.51, 0.83, 0.92).
Further, and given the primary objective of this work, we computed antisaccade RT
difference scores (post-intervention minus pre-intervention) and found that the magnitude
of the RT benefit did not reliably differ between passive (-16 ms, SD = 19) and active (-
14 ms, SD = 15) exercise conditions (t[21] = -0.49, p =.63, d, = 0.10) and both produced
a larger difference score than the control condition (-5 ms, SD = 11) (ts[21] = 2.49 and
2.36, ps =.02 and .03, d, = 0.53 and 0.50). Additionally, a Bayesian paired samples t-test
contrasting RT difference scores for passive and active conditions produced a BFo; value
of 4.03 and thus provided moderate support for the null hypothesis. In other words,
passive and active exercise conditions produced an equivalent magnitude postexercise

reduction in antisaccade RTs.
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Figure 3. The left panels show participant-specific and group mean pro- and antisaccade

reaction times (RTs) pre- and post-intervention for control (green), active (red) and
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passive exercise (blue) conditions. The right panel shows condition-specific group mean
pro- and antisaccade RT difference scores (post-intervention minus pre-intervention).

Error bars represent 95% between-participant confidence intervals.

Saccade duration and gain variability produced main effects for task, Fs(1, 21) > 25.50, p
<.001, np? = 0.55, such that prosaccades had shorter durations (52 ms, SD=8) and less
variable endpoints (0.13, SD=0.05) than antisaccades (saccade duration: 60 ms, SD=14;
gain variability: 0.25, SD=0.08).

2.2.2 Psychomotor vigilance task (PVT): physiological and
behavioural measures

HR and MCAv: HR yielded a main effect of condition, F(2, 42) =4.61, p =.02, n,*> =

0.18, such that values for the active exercise condition (79 bpm, SD = 12) were greater
than control (75 bpm, SD = 10) (t[21] =3.97, p <.001, d, = 0.85) and passive exercise
(74 bpm, SD = 8) conditions (t[21] = 3.11, p =.003, d, = 0.66), and the former two
conditions did not reliably differ (t[21] = 0.12, p =.91, d, = 0.03). Notably, neither a
reliable main effect of time nor a time by condition interaction was observed, Fs < 0.67,
ps >.52, all np? < 0.04, and thus indicates that HR across the different experimental
conditions did not change from the first to last min of the PVT.

MCAV yielded a main effect of time, F(1, 21) = 32.56, p <.001, n,*> = 0.61, such that
values decreased from the first (98 cm/s, SD = 15) to last (94 cm/s, SD = 13) minute of
the PVT. Notably, we did not observed a main effect of condition, F(2, 42) =0.13, p
=.88, np> = 0.006, nor a condition by time interaction, F(1.62, 34.10) = 0.009, p =.98, 1,
<.001, indicating that the time-based decrease in MCAvV was consistent across

conditions.



53

MCAv MCAv
Control Active Passive
200_ . O_ .................................
175 — g
— (&) _2_
) 150 — (o) \u-; - -
o o)
5 125 — o 9 5
-4 -
%‘ 100 P P g é é ® Vool
—_— (&)
g 75— ® § .
50 \ u0=> - i
e
0 } 1 T T T 1 -8 T T T
QL QO L Qe \
'\@\ Q@\ \6\\ Q&\ '\‘Q\ Q‘Q\ o{\“o c’§\ P gﬁe’

Figure 4. The left panel shows participant-specific and group mean peak systolic middle
cerebral artery velocity (MCAvV) during the first and last minute of the PVT for the
control (green), active (red), and passive exercise (blue) conditions. The right panel
shows group mean MCAv difference scores for each condition (i.e., last min minus first

min). Error bars represent 95% between-participant confidence intervals.

Objective measure of mental fatigue during the PVT: Figure S presents frequency

histograms for the first and last 5-min of the PVT protocol separately for control, active
and passive exercise conditions and graphically demonstrates a time-based increase in RT
across all conditions. In terms of quantitative analyses, RT elicited a main effect of time,
F(1,21)=49.64, p <.001, np> = 0.70, indicating that values increased from the first (262
ms, IQR = 5) to the last (304 ms, IQR = 9) 5-min of the PVT (Figure 5). Notably, a null
condition by time interaction, F(2, 42) = 0.73, p =.48, np> = 0.03, indicated that the
magnitude of the PVT change did not vary across control, passive and active exercise
conditions. In addition, we computed participant-specific PVT difference scores (last 5-

min minus first 5-min) separately for each experimental condition and examined them via
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one-way repeated measures Bayesian ANOVA and observed a value (BFo1 = 4.40)

providing moderate support for the null hypothesis.
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Figure 5. Psychomotor vigilance task (PVT) reaction time (RT) (ms) percent frequency
histograms for control, active, and passive exercise conditions for the first (red) and last
(blue) five minutes of the protocol. The figure includes PVT RTs under 600 ms.

Distribution summary statistics are displayed within each histogram.

Subjective ratings of mental fatigue: Results revealed a main effect of time, F(3, 63), =

30.87, p <.001, > = 0.60, such that values did not change across pre-intervention (2, SD
= 1), and post-intervention (2, SD = 1); however, values increased from pre-PVT (2, SD
= 1) to post-PVT (4, SD = 2). A null condition by time interaction, F(6, 126) =0.53, p
=78, np> = 0.03, indicated that the time-based change in subjective MF did not vary

across the different conditions.

2.2.3 Relationship between antisaccade performance and middle
cerebral artery velocity (MCAv)

We computed correlation coefficients involving participant-specific MCAwv (i.e., steady-

state minus baseline) and antisaccade RT (i.e., post- minus pre-intervention) difference

scores and found that the variables were not related across control, passive and active

exercise conditions (rs(21) =-0.32, -0.08, 0.28 for control, passive and active exercise

conditions, respectively, ps =.15, .74, .21).

2.2.4 Relationship between antisaccade performance and mental
fatigue (MF)

Participant-specific antisaccade RT (i.e., post- minus pre-intervention) and PVT RT (last

5-min minus first 5-min of protocol) differences scores were not reliably correlated
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across control, passive and active exercise conditions (rs(21) = 0.05, -0.01 and -0.17, ps

=.84, .98, and .45).

2.2.5 Relationship between MCAv and MF

Participant-specific MCAWv (i.e., last min minus first min) and PVT RT (last 5-min minus
first 5-min of protocol) differences scores were not reliably correlated across control,
passive and active exercise conditions (rs(21) = 0.24, -0.11 and 0.10, ps =.28, .64, and
.60).

2.3 Discussion

We sought to determine whether increased CBF and an associated postexercise EF
benefit (passive and active exercise) provides a neuroprotective mechanism ameliorating
a performance deficit associated with a subsequent MF task. In outlining the current
findings, we first discuss intervention-based HR and CBF and post-intervention
performance, and then describe physiological and behavioural data from arising from the

PVT.

2.3.1 Passive and active exercise increase CBF and decrease
antisaccade RTs
Active exercise produced a baseline to steady state increase in HR and MCAv consistent
with a moderate-intensity work rate (Tari et al. 2021b; Warburton et al., 2006). In
particular, the increase in HR is attributed to the increased cardiac output required to
meet the O, requirements of working muscles (for review see, Radak et al., 2013). The
increase in HR is additionally accompanied by an increase in stroke volume, nitric oxide
(NO), vascular deformation, and CO,, which leads to an increase in CBF (Lavie et al.,
2015; Smith and Ainslie, 2017). In turn, the passive exercise condition did not produce a
reliable baseline to steady state increase in HR; however, it was associated with a steady
state increase in MCAvV — albeit at a magnitude less than the active exercise condition.
The MCAV increase independent of a change in HR is in line with previous work
reporting that passive exercise stimulates type //] muscle afferent and feedforward-based

central command signals that activate primary somatosensory and motor cortices to
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increase cardiac output and stroke volume (Amann, 2012; Eldridge et al., 1985; Gladwell
and Coote, 2002; Goodwin et al., 1972; Krogh and Lindhard, 1913; Matsukawa, 2012;
Nobrega and Araujo, 1993; Nurhayati and Boutcher, 1998; Victor et al., 1995). In turn,
the control condition did not produce a baseline to steady-state change in HR or MCAw.
Accordingly, the active and passive exercise conditions provide a framework to
determine whether active and passive exercise-mediated increases in CBF are linked to a

postexercise EF benefit.

In terms of the oculomotor assessment, antisaccades had longer RTs, saccade durations,
and increased endpoint variability when compared to prosaccades. These well-
documented antisaccade behavioural findings have been shown to reflect the time-
consuming and EF demands required to inhibit a pre-potent prosaccade and invert a
target’s coordinates (vector inversion components of the task) (Gillen and Heath, 2014;
Hallett, 1978; Heath et al., 2010; Munoz and Everling, 2004). Accordingly, the
antisaccade task provided a framework by which to examine intervention-based changes

in EF.

In terms of the interventions used here, prosaccade RTs did not vary from pre- to post-
intervention across all conditions. In contrast, antisaccades showed a pre- to post-
intervention RT reduction. That the control condition produced a post-intervention RT
benefit is inconsistent with a large number of previous studies by our group (e.g., Dirk et
al. 2020; Heath et al. 2016; 2017; 2018; Samani and Heath 2018; Shirzad et al., 2022;
Shukla and Heath 2022; Tari et al., 2023) and others (for extensive review see Zou et al.
2023) reporting that antisaccades are refractory to a practice-related performance benefit.
Hence, the pre- to post-intervention benefit observed here might reflect that participants
developed an improved antisaccade task-set that supported post-intervention response
efficiency (Everling and Johnston 2013). In spite of the post-intervention benefit in the
control condition it is important to recognize that the magnitude of the post-intervention
antisaccade RT benefit was larger in passive and active exercise conditions. Moreover,
the antisaccade RT benefit for exercise conditions could not be attributed to an implicit or
explicit strategy designed to decrease planning times at the cost of decreased movement

accuracy (i.e., speed-accuracy trade-off; Fitts 1954) given that saccade duration and
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endpoint variability did not reliably vary across conditions. Further, that antisaccades —
but not prosaccades — showed a post-intervention EF benefit indicates that an exercise-
intervention (or any associated practice benefit) did not result in a general increase in
information processing speed and/or psychological/physiological arousal (Ayala and
Heath, 2021). Indeed, if that were the case then both pro- and antisaccades would have
demonstrated a post-intervention RT benefit. Instead, results are consistent with the view
that a single bout of passive and active exercise provides a selective EF benefit (for meta-
analyses see Chang et al., 2012; Lambourne & Tomproroski, 2010; Ludyga et al., 2016;
see also Renke et al., 2022).

An important issue to address is that the magnitude of the passive and active exercise
increase in MCAv was not related to antisaccade RT difference scores; that is, results did
not show a relationship between an exercise-mediated increase in CBF and a postexercise
EF benefit. On the one hand, this represented a surprising result given previous work
reporting a link between the two variables (Shirzad et al. 2022; Tari et al. 2020). On the
other hand, the present findings support some work reporting that an exercise-based
change in CBF does not directly mediate a postexercise EF benefit (Ogoh et al. 2014).
This latter view is bolstered by a most recent study by our group employing event-related
TCD to examine pre- to postexercise (active exercise only) changes in antisaccade
preparatory phase cerebral hemodynamics (Jeyarajan et al. 2024). In that study, the
preparatory phase response for antisaccades was greater than prosaccades and was a
result taken to evince the aforementioned tasks increased computation demands (see also
Duschek et al. 2018; Tari et al. 2021). Notably, however, the preparatory phase
hemodynamic response did not vary from pre- to postexercise in spite of an observed
decrease in antisaccade RTs. Accordingly, it may be that an EF benefit is accrued from
interdependent exercise-based adaptations that include — but is not limited to - CBF
(Shirzad et al. 2022) and pressor response (Washio et al. 2023) changes as well as
increased biomolecule availability (e.g., nitric oxide, brain-derived neurotrophic factor,
catecholamines) (Perwiti et al., 2015; Knaepen et al. 2010; Zouhal et al. 2008) and

functional connectivity within EF networks (Schmitt et al., 2019).
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2.3.2 A postexercise EF benefit from increased CBF does not
ameliorate a MF-based performance reduction
Recall that the PVT is a sustained vigilance task that in the present study was used as a
way to induce and provide an objective measure of MF. For all conditions, the PVT
increased RTs from the first to the last five min of the protocol and this objective
performance change was associated with a reduction in MCAv and an increase in a
subjective measure of MF. As noted previously, the decrease in MCAv during the PVT
has been posited to reflect the negative effects of MF on the frontoparietal network and
provides evidence for the role of this network in mediating cognitive performance (Lim
et al., 2010). Thus, results evince that the PVT protocol used here reliably induced MF
(Basner et al., 2018; Lim et al., 2010; see also Smith et al., 2019).

The primary objective of this work was to determine whether a preceding passive and/or
active exercise intervention and associated EF benefit would ameliorate the magnitude of
MF objectively and subjectively assessed during the PVT. Results showed that the
performance on the PVT was not influenced by the preceding control, active or passive
exercise interventions — a finding supported by frequentist and Bayesian statistics. Such a
result counters our a priori hypothesis that a postexercise EF benefit would provide a
neuroprotective benefit to a MF-inducing paradigm. The absence of an exercise benefit is
not likely attributed to the transient nature of a postexercise EF benefit given that the 20-
min PVT protocol was completed within the timeframe by which a postexercise EF
benefit is observed (~60 min) (Hung et al. 2013; Joyce et al. 2009; Shukla and Heath
2022; for meta-analysis see Ludyga et al. 2016). Hence, one explanation for the absence
of an exercise benefit is that the PVT is not directly mediated via EF. In particular, the
PVT is a sustained vigilance task that evaluates sustained attention (Dinges & Powell,
1985; Evans et al., 2019) and although executive control is required to execute the task
(i.e., inhibiting external distractors, remembering what the task entails) it is not a singular
mediator of task performance. Further, although the PVT and EF are mediated via
overlapping cortical structures, it is important to recognize that these functions are also
supported by non-overlapping structures (Drummond et al., 2005; Lim et al., 2010; Rossit

et al., 2011; Royall et al., 2002). For example, the inferior parietal cortex is involved in
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both sustained attention and EF tasks, however the superior parietal lobe is a non-
overlapping structure supporting sustained attention in a PVT (Collette et al., 2005;
Rossit et al., 2011). Thus, it may be the case that the degree of the EF benefit associated
with exercise does not provide a large enough benefit to support sustained attention

during the PVT.

In line with our exercise findings, we note that MCAv during the PVT and associated
behavioral metrics were not reliably related. This finding counters Lim et al.’s (2010)
fMRI study reporting that increased PVT RTs were related to a decrease in frontoparietal
CBF. One explanation may be that the participants in the present study recruited a
cognitive reserve to maintain performance in the face of a MCAv decline (Barulli and
Stern, 2013). Thus, the divergent findings between Lim et al. (2010) and the present
study indicates there is no concrete evidence that a PVT-based reduction in CBF is

associated with decreased performance.

2.3.3 Limitations

We acknowledge the generalizability of our work is limited by several methodological
constraints. First, we did not include a baseline measure of PVT performance prior to the
intervention to evaluate how active and passive exercise affect PVT RTs post-
intervention compared to pre-intervention. The goal of our study was to evaluate MF
mitigation within a PVT session; however, we are unable to conclude how the exercise
conditions affect pre- to post-intervention changes. Second, we did not employ an
oculomotor EF assessment following the PVT and are thus unable to directly assert that a
neuroprotective EF benefit extended throughout the PVT protocol. That said, and as
mentioned previously, the timeline of the PVT protocol used here was within the window
associated with a postexercise EF benefit (Hung et al. 2013; Joyce et al. 2009; Shukla and
Heath 2022; for meta-analysis see Ludyga et al. 2016). Third, the present study
investigated healthy young adults and as such it is unknown whether the findings apply to
older populations, individuals with chronic fatigue syndrome, or those with altered
chronic changes in CBF (i.e., cerebral hypoperfusion). Fourth, TCD does not measure
changes in vessel diameter, and the MCA may dilate or constrict in response to changes

in physiological conditions (Coverdale et al., 2015). To our knowledge, however, these
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changes do not affect the validity of TCD in evaluating exercise-induced changes to

MCAwv.

2.3.4 Conclusion

A single bout of passive and active exercise increases CBF and provides a postexercise
EF benefit. In spite of the neuroprotective effects to EF, the exercise did not mitigate
objective and subjective MF or the magnitude of a CBF decline associated with the MF-
inducing PVT.
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