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ABSTRACT
Evidence suggests that inhibitory control during high intensity exercise is suppressed. Mindfulness and
aerobic exercise forms of cognitive training have been shown to enhance inhibitory control and might
serve to reduce loss of inhibitory control during high exercise intensity. However, it is unclear whether
they may have synergistic effects for cognitive enhancement. Our aims were to investigate effects of
exercise intensity on inhibitory control and to test if integrating mindfulness techniques into exercise
training provided heightened enhancement of inhibitory control over exercise training alone. Fifty-five
active, healthy young adults (30 females; 23 + 4 years) completed a Go/NoGo task while simultaneously
stationary cycling at light, moderate and hard intensities before and after completing multiple brief
sessions of cognitive training based on mindfulness and exercise, or exercise alone. A third, control
condition completed reading in place of exercise and mindfulness training. Go/NoGo task error rates,
response latency and intraindividual variance in response latency did not differ significantly between
exercise intensity conditions. Moreover, there was no significant effect of, or differences between,
cognitive training conditions on Go/NoGo task performance. Inhibitory control during exercise is not
influenced by exercise intensity, at least at the intensity levels induced in this experiment. Furthermore,
exercise and mindfulness + exercise does not appear to lend benefits to inhibitory control in situations

where inhibitory control during exercise is already high.
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Introduction

Identifying effective approaches to augmenting human cognition continues to attract attention
among scholars and the public. The basic premise, originally proposed over a century ago by
Woodworth and Thorndike (1901), is that cognitive function is enhanced by undertaking activities that
are cognitively demanding. One cognitive enhancement activity that has attracted a growing level of
interest is exercise (Lambourne and Tomporowski, 2010; McMorris, 2016; Smith et al., 2010;
Tomporowski, 2003). To understand the demands that exercise places on cognition, research has been
dedicated to describing cognitive performance during exercise (Cantelon & Giles, 2021).

Exercise intensity has been found to be a critical factor for how exercise affects concurrent
cognitive performance. Specifically, moderate exercise intensity levels are thought to enhance while
low and high intensity levels suppress cognitive performance relative to resting conditions (Kamijo et
al., 2004; McMorris & Graydon, 2000; Tomporowski, 2003). The second factor influencing exercise-
cognition relationships is the cognitive domain under investigation. Cognitive tasks that predominantly
rely on executive function are more sensitive to exercise intensity influences than lower-order cognitive
tasks (Kamijo et al., 2007; Hillman, Snook & Jerome, 2003; McMorris & Graydon, 2000).

The Go/NoGo task is a popular paradigm for investigating inhibitory control dimensions of
executive function (Simmonds, Pekar & Mostofsky, 2008). Smith et al. (2016) reported significantly
higher Go/NoGo task error rates and longer reaction times during high treadmill running intensity as
compared to moderate intensity and rest conditions. To our awareness, Smith at al. (2016) is the only
study to investigate Go/NoGo task performance during exercise at varying exercise intensity levels.
Other studies (Akatsuka, Mitsuzono & Yamashiro, 2023; Kamijo et al., 2004; Netz et al., 2016) have
investigated acute effects of exercise intensity on Go/NoGo task performance where participants
completed the task before and after a bout of exercise. In contrast to suppressed task performance
during high intensity exercise reported by Smith et al. (2016), Akatsuka, Mitsuzono & Yamashiro
(2023) and Kamijo et al. (2004) reported no acute effects of mild, moderate or high intensity exercise
on subsequent Go/NoGo task errors or reaction time. Netz et al. (2016), however, reported increased
accuracy and decreased reaction time in the Go/NoGo task immediately after moderate intensity

exercise.

Since Smith et al. (2016) is the only study to investigate concurrent effects of exercise intensity

on Go/NoGo task performance with findings that contrast with reported acute effects of exercise
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intensity on this task (Akatsuka, Mitsuzono & Yamashiro, 2023; Kamijo et al., 2004; Netz et al., 2016),
our first research aim was to revisit the question of how Go/NoGo task performance is influenced by
concurrent exercise at light, moderate and high intensity levels. In anticipation that high intensity
exercise suppresses inhibitory control function, as reported by Smith et al. (2016), our second aim was
to investigate if cognitive training, based on exercise and mindfulness techniques, could alleviate this

loss of executive function under demanding exercise conditions.

Aerobic exercise as cognitive training

Aerobic exercise has been shown to contribute to cognitive enhancement (Ludyga et al., 2020;
Wang, 2020). Exercise-induced cognitive enhancement has been described as arising from
upregulation of neurotrophins, including brain-derived neurotrophic factor (BDNF; Vaynman et al.,
2004), that contribute to neurogenesis and ultimately, neuroplastic improvements in cognitive function
(Cassilhas et al., 2016). In addition to neurotrophic effects, aerobic exercise might enhance cognition
on the basis that it represents a cognitively demanding task. Continuation of high intensity aerobic
exercise has been proposed to influence neurocognitive processes that are generally relied upon by
humans to maintain goal-oriented behavior (e.g., see Robertson & Marino, 2016). Evidence for this
includes demonstration of poorer running performance following completion of a highly demanding
cognitive task (Smith et al., 2015). Key neural networks that have been described as contributing to
exercise regulation include areas such as the prefrontal cortex, the anterior and posterior cingulate
cortices, insula, and the posterior parietal lobe (Bigliassi, 2021; Robertson & Marino, 2016). Exercise
training has been shown to provide gains in inhibitory control (Sacco et al., 2016; Tsai, Wang, et al.,
2014).
Mindfulness meditation as cognitive training

Mindfulness meditation techniques have been characterised as, “paying attention on purpose, in
the present moment, and non-judgmentally to the unfolding of experience moment by moment” (Kabat-
Zinn, 2003). This manner of attention establishes states of continuous and present awareness of both
external and internal events and experiences (Brown et al., 2007; Malinowski, 2013). External
experiences relate to sensory perceptions arising from the environment while internal experiences can
include thoughts, imagery, and perceptions related to emotions, bodily sensations and physiological
signals. The inclusion of body and physiological perception in mindfulness has led some to propose
that mindfulness is closely linked to and shares overlapping neurocognitive processes with

interoceptive awareness (e.g., see Gibson, 2019), which itself is described as moment-by-moment top-
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down perception and awareness of the physiological state of the body (Craig, 2009). Accordingly,
mindfulness training has been shown to increase interoceptive awareness (Haase et al., 2015).
Mindfulness training has also been shown to improve attention function (Chiesa et al., 2011; Jha et al.,
2007; Malinowski, 2013; Tang et al., 2015; Tang & Posner, 2014). Of the different types of attention,
top-down or executive types of attention control appear to especially benefit from mindfulness training
(Chan et al., 2019; Gallant, 2016; Sumantry & Stewart, 2021). More specific to the present aim,
mindfulness training has been shown to improve Go/NoGo task performance (Cheng et al., 2017,
Pozuelos et al., 2019).
Potential for mindfulness meditation and aerobic exercise integrative cognitive training

Despite the apparent shared benefits of exercise training (Sacco et al., 2016; Tsai, Wang, et al.,
2014) and mindfulness training (Chiesa et al., 2011; Malinowski, 2013) for executive function, there is
little research aimed at investigating potential synergies from integrating these two cognitive training
modalities. As an example of the little research in this area, Zwilling et al. (2019) conducted a trial that
included a comparison of high intensity fitness training by itself with a multi-modal training approach
that supplemented fitness training with cognitive task and mindfulness mediation modalities. While
they reported further cognitive enhancement gains from the multi-modal training approach than that
observed with unimodal fitness training, two limitations preclude any conclusion specific to
consideration of integrating mindfulness meditation and aerobic exercise. First, the inclusion of
cognitive training in the multi-modal approach makes it difficult to isolate what additional contribution
to exercise was provided by mindfulness meditation in of itself. Second, in their multi-modal
approach, exercise, cognitive task performance and mindfulness meditation were completed as discrete
components of cognitive training. A more direct approach to understanding exercise-mindfulness
synergies for cognitive training would involve simultaneous practice of mindfulness meditation and
aerobic exercise tasks, as was used in clinical populations by Sacco et al. (2016), who demonstrated

that cognitive enrichment of exercise provided further cognitive gains than exercise alone.

The present experiment

As stated above, the first aim of the present experiment was to investigate concurrent effects of
mindfulness and exercise at differing intensities on Go/NoGo task performance as a correlate of
inhibition control. Based on Smith et al. (2010), we predicted that task performance would be

suppressed during hard exercise intensity relative to light and moderate intensities. Based on previous
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reports of enhanced cognitive function under moderate exercise intensity (Kamijo et al., 2004;
McMorris & Graydon, 2000; Tomporowski, 2003), we predicted that Go/NoGo task performance
would be higher under this level of exercise intensity relative to light and hard intensities.

The second aim was to compare cognitive enhancement effects of exercise training alone to an
integrated cognitive training approach involving mindfulness and exercise. We predicted that relative
to control conditions, both exercise and mindfulness + exercise training approaches would enhance
Go/NoGo task performance during exercise, whether it be reducing task costs associated with hard
exercise intensity or heightening task performance under moderated exercise intensity. If integrating
mindfulness into exercise leads to a synergy of benefits, we expected to observe heightened task

performance gains than exercise training alone.
Methods

Participants

Fifty-five apparently healthy adults (30 Females, Mean Age 23.2 + 4 years, mean metabolic
equivalent (MET) 2,661.3 + 2,488.1 minutes/week) volunteered for participation. Participant inclusion
criteria included being aged 18-45 years, right-hand dominant, having a body mass index equal to or
between 18.5 and 30 kg/m?, classified as moderately or highly active based on the International
Physical Activity Questionnaire (IPAQ) — Short Form (Craig et al., 2003; Lee et al., 2011), and
screened for readiness to participate in vigorous exercise based on the Australian Adult Pre-Exercise
Screening System (APSS; Norton et al., 2012). Participants reported no history of tobacco or vaping
use, no history of endocrine, metabolic, psychiatric, neurological, cognitive or language disorders, and
normal to corrected-to-normal vision. Furthermore, participants had no prior formal experience with
cognitive training involving exercise, meditation, brain stimulation, cognitive tasks or brain games.
Because of reliance on communication in the English language (e.g., instructions for cognitive task,
self-report measures, guided mindfulness), participants self-reported as proficient users of English
language based on reference levels described by the Common European Framework of Reference for
Languages Global Scale (Council of Europe, 2022).

The sample size was based on the research feasibility factors involving time for data collection
and funding for research participation. The first thirty-nine participants were allocated to control,
exercise or mindfulness + exercise cognitive training conditions through block random allocation based

on participant declared gender. Block allocation by gender continued for the next 16 participants except
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these were allocated to only exercise or mindfulness + exercise cognitive training conditions with

roughly twice as many allocated to the latter condition.

Ethics approval of the research protocol (protocol number: 5236) was obtained from Flinders
University Human Research Ethics Committee prior to commencing participant recruitment and the
study procedure. Participants were recruited via recruitment flyers and social media posts for a “brain,
cognition and exercise research study”. The first seventeen participants who completed all sessions
received an AUD$100 research honorarium. Due to slow progress in recruiting participants, the
remaining thirty-nine participants received an AUD$200 research honorarium.

Self-report measures

Mindful Attention Awareness Scale (MAAS). Participant dispositional mindfulness was
measured with the MAAS to control for potential confounding influences of mindfulness on cognitive
task, exercise or mindfulness mediation performance or participation. The MAAS (Brown & Ryan,
2003) is a 15-item scale designed to assess dispositional mindfulness (Black et al., 2012; Brown et al.,
2011; Carlson & Brown, 2005; Osman et al., 2016) and has demonstrated reliability with a Cronbach’s
alpha of 0.82 (Brown & Ryan, 2003). Questions include items such as, "I find it difficult to stay
focused on what’s happening in the present”, “I tend not to notice feelings of physical tension or
discomfort until they really grab my attention”, “it seems I am “running on automatic,” without much

awareness of what I’'m doing.’

Pittsburgh Sleep Quality Index (PSQI). Sleep quality was measured as a potential participant
characteristic that influences cognitive task, exercise or mindfulness mediation performance or
participation. The PSQI (Buysse et al., 1989) is a self-report measure of background sleep quality over
a 1-month time frame with a Cronbach’s alpha of 0.83. The PSQI has been demonstrated as a valid
measure for sleep quality, correctly identifying 88.5% of good and poor sleepers and reporting in the
original work (Buysse et al., 1989). The first part of the PSQI includes items related to sleep habits. For
example, ‘During the past month, what time have you usually gone to bed at night?; During the past
month, what time have you usually gotten up in the morning?’ The second part includes questions
rated for sleep related difficulties, ‘During the past month, how often have you had trouble sleeping
because you... Cannot get to sleep within 30 minutes... Wake up in the middle of the night or early
morning,” and overall sleep quality, ‘During the past month, how would you rate your sleep quality

overall?’
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Cued Go/NoGo task

Top-down selective attention and response inhibitory control processes at increasing levels of
exercise intensity was assessed with a spatially Cued Go/NoGo task adapted from Hong et al. (2017).
The task was conducted through OpenSesame (Mathot et al., 2012) running on a Windows operating
system. Stimulus output was displayed to the performer via head worn augmented reality (AR) glasses
(Nreal Light, Nreal, Beijing, China) with 52° diagonal field of vision OLED display and a 60 Hz
refresh rate. During stimulus display, the background remained translucent so that the participant can
view the environment through the glasses. Left and right index finger responses were based on two
customised response button boxes mounted on the cycle ergometer handlebar. Response buttons were
mapped to keyboard input, which was read by OpenSesame.

The task stimulus display began with a central white fixation cross (about 1.38° x 1.38°) and
two left and right location markers based on white hollow boxes (about 2.39° x 2.39°) located below
and lateral to the fixation cross. Participants maintained central fixation throughout the task. At the start
of each trial, a white arrowpoint spatial cue replaced the fixation cross for 200 ms. The participant was
instructed to direct attention to the spatially cued location marker and ignore the opposite location
marker. The spatial cue was then replaced with the fixation cross for a cue-target interval of 1,000 ms.
Next, a white target “+” or “x” stimulus is presented within one location marker for 200 ms. If the “+”
appeared in the attended location marker (AttendGo target), the participant pressed the key that
spatially corresponds to the attended location marker. If the “x” appeared in the attended location
marker (AttendNoGo target), the participant was not to press a key. For targets appearing in the
ignored location marker, the participant did not press a key if a “+” (IgnoreGo target) or “x”
(IgnoreNoGo target) was presented. After 200 ms, the target is replaced by the hollow location
markers. Responses could be made immediately after target presentation but must have been made
within 1500 ms following target presentation. Trials were spaced by a fixed 1500 ms inter-trial interval
with the fixation cross and location markers displayed during this interval. See Figure 1 for example

stimuli and timing of the Go/NoGo task.
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The task involved eight experimental conditions based on two spatial cue conditions (left and
right), two attend conditions (attend and ignore), and two go/nogo conditions (“+” and “x”). The eight
experimental conditions were presented randomly with a 50% probability of spatial cue presentation
and a 50% probability of go and nogo targets. The task was organised into a block of 72 trials with
nine cycles of the task conditions presented in a randomized order. The duration of a block was about

five minutes.
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Figure 1. Cued Go/NoGo task trial event timing with cued and target conditions (Hong et al.,
2017).

Graded exercise testing

Graded exercise testing (GXT) was conducted on an ergoselect 5 (ergoline GmbH, Bitz,
Germany) upright electromagnetically braked cycle ergometer following standard testing protocols
(Beltz et al., 2016; Fletcher et al., 2013). Prior to testing, participants completed a warm-up consisting
of cycling at 25 W for 5 minutes. The GXT involved incremental power output increase at the rate of
25 W per 2-minute stages until volitional exhaustion while maintaining a pedal cadence between 50
and 80 rpm. Participants were able to view feedback indicating current pedal cadence but were not
informed of target or current work output or interval duration. No verbal encouragement was provided.

Volitional exhaustion was determined by the point at which the participant could not sustain the target
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power output while maintaining the target pedal cadence range or while remaining seated in the cycle
saddle.

Rating of perceived exertion (RPE) was measured at warm-up and each increment of the GXT.
RPE was collected based on Borg’s RPEs_20 Scale (Borg, 1982) in the final 45 seconds of each

increment stage.

Cognitive training conditions

Exercise and mindfulness + exercise cognitive training conditions included individualized
moderate and high exercise intensities determined by GXT. In moderately active adults, previous work
has demonstrated cognitive enhancement from moderate and high (Dupuy et al., 2018; McMorris &
Hale, 2015; Miller et al., 2019) exercise intensity levels, which correspond to the first (VT1) and second
(VT2) ventilatory thresholds, respectively (McMorris & Hale, 2015). Moreover, on the Borg 6-20 RPE
scale, VT1 and VT2 have been shown to correspond to RPE ranges of 12-13 (somewhat hard) and 15-16
(hard), respectively (Alberton et al., 2013). Basing exercise intensity on RPE is thought to be more
reliable than heart rate since the former is more closely associated with an individual’s maximal fitness
capacity (Goss et al., 2011; Haile et al., 2015). In general, individuals choose to exercise at or just
below VT (Ekkekakis & Lind, 2006; Lind et al., 2005) and experience decreased pleasure and
increased desire to cease exercise as intensities approach VT, (Ekkekakis et al., 2004; Hall et al., 2002).
Thus, the inclusion of moderate and high ergometer workloads during intermittent exercise exposed
participants to moderate and high levels of challenge to attention and inhibitory control processes
associated with exercise self-regulation. In turn, that exposure was predicted to promote development
of exercise-specific attention and inhibition control resulting in enhanced exercise tolerance at higher
workload intensities and higher availability of attention and inhibition control resources for cognitive
task performance during exercise.

An exercise training session commenced with a 5-minute pre-exercise seated rest period.
Participants allocated to exercise cognitive training (EXCT) listened to a 5-minute audio recorded
reading from the text Your Mind and How to Use It (Atkinson, 1911) while keeping their eyes closed.
Audiobook listening has been previously used as an active control for mindfulness meditation to
control for potential effects associated with listening to spoken information (Brown et al., 2021; Chan
et al., 2020; Immink et al., 2017). In contrast, participants allocated to mindfulness + exercise
cognitive training (MindEXCT) completed an eyes closed 5-minute audio guided mindfulness

meditation (Brown et al., 2021; Immink et al., 2017) involving the aim of establishing and monitoring
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interoceptive awareness of breathing. This meditation style, referred to as focused-attention meditation
(FAM), is thought to increase top-down control, also referred to as cognitive control, during goal-
oriented tasks (Chan et al., 2020; Lippelt et al., 2014).

Next, the participants in EXCT and MIindEXCT conditions mounted the cycle ergometer with the
saddle set at their preferred height and then commenced a 5-minute warm-up period at a 25 W
workload and pedal cadence between 50 and 80 rpm. Following the warm-up, participants completed
two 5-minute cycles comprised of 1 and 2-minute intervals with individualised workloads set at RPE
12 — 13 (RPE_VT1) and RPE 15 — 16 (RPE_VT>) based on GXT. The order of interval duration and
workload were pseudo-randomized to prevent anticipation. Within a cycle, a workload interval did not
exceed 2-minute duration and across cycles, the sum of workloads was five minutes for each workload
level. Participants were not informed of interval workload or duration or time remaining in an interval
or cycle. Between the first and second cycle, and following the second cycle, participants pedalled at a
slow cadence with no resistance on the ergometer. During intervals, the EXCT group participants
received verbal reminders to maintain the pedal cadence within the target range. In contrast,
participants in the MindEXCT group received verbal reminders for pedal cadence maintenance and
verbal cues to maintain interoceptive awareness of breathing in an open, receptive and non-judgemental
manner. These verbal cues continued during slow pedalling following the first and second cycle. After
completion of the second bout of slow pedalling, participants dismounted from the ergometer for an 8-
minute seated post-exercise rest period with their eyes closed. Participants in the EXCT listened to the
audiobook excerpt while those in the MindEXCT completed an 8-minute FAM. See Figure 2 for

example training session for each of the three cognitive training conditions.

To control for effects associated with repeated testing of the Cued Go/NoGO task during
exercise, a control group attended the laboratory on four occasions over the 2-week cognitive training
period for thirty minutes per session, a duration equivalent to EXCT and MIindEXCT sessions. Instead
of intermittent exercise or mindfulness meditation, control group participants read general printed

media (e.g., popular magazines).
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Figure 2. Cognitive training session for unimodal exercise (EXCT), integrative mindfulness exercise
(MindEXCT) and control groups.

Procedure

Prior to commencing testing sessions, participants completed an online survey where they
provided written informed consent to participate in the experiment, and then completed the MAAS and
PSQI self-report inventories. Participants then attended a university campus-based testing laboratory
for seven sessions over about a 4-week period. During this period, participants were asked to not
change their usual diet, sleep and physical activity behavior and were asked to minimise alcohol
consumption and refrain from use of stimulant, depressant or psychoactive recreational substances. For
each session, participants were requested to ensure they are well hydrated and to refrain from
consumption of caffeine or food at least three hours prior to their session.

In the first GXT session participants were seated on the cycle ergometer and allowed to adjust
the saddle to their preferred height. Instructions and familiarization with the Cued Go/NoGo task were
then provided, including practice trials with response feedback using the AR glasses and handlebar
mounted response buttons. Next, they were familiarized with using the RPE scale, including
interpretation of the anchor points. They then completed the GXT protocol. After termination, the
participant pedalled the ergometer slowly with no resistance for two minutes and then dismounted from

the ergometer and completed a 6-minute rest while seated in a chair.
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The second session involved a pre-cognitive training assessment of Cued Go/NoGo task
performance at light, moderate and vigorous ergometer workloads. The participant mounted the
ergometer with the seat set at their preferred height and completed a 5-minute warm-up pedalling 50-80
rpm at 25 W followed by three rounds of 7-minute ergometry under workloads that corresponded to
their RPE of 7-8, 12-13 and 15-16 in the GXT protocol. Workload levels were randomized and each 7-
minute workload bout was followed with a 5-minute recovery with slow pedalling and no resistance. In
each workload bout, the participant first pedalled for 1.5 minutes to establish stable state at the
workload intensity. They then simultaneously performed a block of the Cued Go/NoGo task for the
next five minutes followed by RPE report in the final 30 seconds. After completion of the final
recovery interval, the participant dismounted the ergometer.

About three to five days after completion of the second session, participants returned to the
laboratory to complete the first of four cognitive training sessions over a 2-week period. A minimum of
48 hours duration intervened between sessions and no more than two sessions were completed within a
7-day period. In the fourth week, participants returned to the laboratory for completion of the post
cognitive training assessment of Cued Go/NoGo task performance with EEG recording at rest, and

light, moderate and vigorous individualised ergometer workloads.

Analysis

Participant characteristics. To inspect for any group differences in participant characteristics,
participant age, body mass index, weekly metabolic equivalent minutes, and MAAS scores were
separately submitted to one-way analysis of variance (ANOVA) with cognitive training group as the
between-subject factor. Group differences in sex, exercise intensity testing order, an PSQI sleep
quality category frequencies were inspected separately with chi-square analysis.

GXT workload and RPE. Group differences in ergometer workload and RPE from the GXT
were analyzed based on one-way analysis of variance (ANOVA) with cognitive training group as the

between-subject factor.

Cued Go/NoGo task performance. For each participant, testing session, and exercise intensity,
an error proportion was measured based on the number of incorrect trials for the task block. Also, for
each block, d prime was calculated based on the difference of z-normalized distribution of hit trials and
false alarm trials (Swets et al., 1961). Hit trials were defined as when a response was accurately made

to a go target presented in the attend spatial location. False alarms were defined as trials where a
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response was incorrectly made to stimuli presented in the ignore spatial location or a NoGo stimulus in
the attend location. Higher d prime values index better ability to distinguish response stimuli from
distractor stimuli. Based on accurate responses to Go stimuli in the attend location, response time
mean and variance were calculated for each block. Proportion of errors, d prime, mean response time
and response time variance were separately submitted to a 3 (Cognitive Training: Control, EXCT,
MindCT) x 3 (Exercise Intensity: Light, Moderate, Hard) x 2 (Testing Session: Pre and Post) ANOVA
with repeated measures on the latter two factors. Greenhouse-Geisser corrections were applied to
violations of sphericity assumption. Post-hoc analyses with Bonferroni corrections were conducted for
significant main effects of Cognitive Training or Exercise Intensity and any significant interactions.
Estimates of effect size were calculated as partial n? for significant main effects or interactions.

Statistical analyses were conducted in JASP (version 0.18.0, https://jasp-stats.org/).

Results

Participant characteristics

No significant group differences were found for sex (p = 0.99), participant age (p = 0.74), body
mass index (p = 0.16), weekly physical activity (metabolic equivalent minutes, p = 0.48), dispositional
mindfulness (MAAS, p = 0.39), sleep quality (p = 0.23) or exercise intensity testing order (p = 0.87).

See Table 1 for sample characteristics by group allocation.

GXT workload, RPE and percent maximum heart rate

For Light, Moderate or Hard intensity levels, no significant group differences were observed for
ergometer workloads (p = 0.74, 0.99, 0.90, respectively), RPE (p = 0.096, 0.84, 0.92, respectively) or
percent predicted maximum heart rate (p = 0.23, 0.39, 069, respectively). See Table 2 for GXT

workload, RPE and percent predicted maximum heart rate by group allocation and intensity level.
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Table 1. Participant characteristics by cognitive training group.

Body Mass Physical PSQI sleep
Index Activity MET quality
Group N | Females | Age (years) (kg/m?) minute/week MAAS category
Control 13| 7 22737) | 220(20) | 3269.8 (37613) | 3.3(0.8) nggrlso
Exercise 18| 10 238(39) | 238(26) | 2772.2(1711.0) | 2.9(0.9) | ©°°% g* Poor:
. . Good: 17,
Mindfulness + Exercise | 24 13 23.1(4.3) 22.7(2.9) 2698.5 (2142.7) | 3.1(0.8) Poor: 7
p 0.99 0.74 0.16 0.48 0.39 0.23

MAAS = Mindful Attention Awareness Scale (Brown & Ryan, 2003); PSQI = Pittsburgh Sleep Quality
Index (Buysse et al., 1989). Age, Body Mass Index, Physical Activity MET and MAAS scores are
presented as mean (standard deviation).

Table 2. Workload, ratings of perceived exertion, and predicted percent maximum heart rate from
graded exercise testing.

Rating of Perceived Exertion
Work Output (Watts) (Borg 6:20)
Exercise Intensity Exercise Intensity
Group N Light | Moderate | Hard Light | Moderate Hard
25.0 83.1 121.2 7.9
Control 13 (8.2) (33.9) (43.0) (1.4) 12.3 (1.7) | 15.6 (2.0)
. 24.4 81.9 123.3 9.0
Exercise 18 (6.8) (28.0) (32.2) (1.8) 12.6 (1.7) | 15.5(1.5)
Mindfulness 22.9 82.9 127.7 9.0
+Exercise | 2% | (103) | (205) | (50.0) (1.3) | 126(19) | 15.7(15)
p 0.74 0.99 0.9 0.096 0.84 0.92

Participant exercise work outputs were determined in a graded exercise test (GXT) cycle ergometer
protocol. Light, Moderate and Hard intensities were based on work output where the participant
reported a rating of perceived exertion (RPE) of 7-8, 12-13, and 15-16, respectively, on the Borg 6-
20 scale. Work output and RPE values are presented as mean (standard deviation).
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Go/NoGo task performance

No significant main effects or interactions were observed for analysis of the proportion of error
responses. For all exercise intensity conditions and session, the mean proportion of errors was 0.0099
with a standard deviation of 0.015. There were no significant main effects or interactions for d’. The
global mean of d” was 6.5 with a standard deviation of 1.3. Analysis of mean response time revealed a
significant main effect of Exercise Intensity, F(2, 102) = 3.18, p = 0.046, partial n2 = 0.056. Despite
this significant main effect, post-hoc tests did not indicate any significant differences in mean response
time due to Exercise Intensity at the p <.05 level. Analysis of intraindividual response time variance
revealed a significant main effect of Testing Session, F(1, 51) = 5.43, p = 0.024, partial n? = 0.96, and
a significant Testing Sessions by Exercise Intensity interaction, F(2, 102) = 4.17, p = 0.020, partial n? =
0.75, see Figure 3. The source of the interaction was significantly lower response time variance in
Session 2 (M = 7559.5, SD = 6355.4) than Session 1 (M = 13987.4, SD = 15318.8) for the Hard
intensity level (p = 0.006). There were no other significant differences in response time variance
including a Cognitive Training by Testing Session interaction (p = 0.50).
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Figure 3. Intra-individual response time variance for “go” stimuli presented in the attend spatial location
during the Cued Go/NoGo task completed under Light, Moderate and Hard exercise intensities. A
significant Testing Session by Exercise Intensity interaction (p = 0.20) was based on significant reduction
of response time variance for the Hard exercise intensity condition between Pre and Post-training time
points. No significant Cognitive Training interaction with Testing Session was observed (p = 0.50).

Discussion

The first aim of the present work was to revisit findings reported in Smith et al. (2016), where
hard but not moderate exercise intensity was shown to suppress concurrent Go/NoGo task performance.
The present results are not consistent with Smith et al. (2016) as we did not observe significant effects
of exercise intensity on task error rate, d’, response time, or intraindividual response time variance.

The absence of exercise intensity effects is more consistent with Kamijo et al. (2004) and Akatsuka,
Mitsuzono and Yamashiro (2023) who reported no acute effects of exercise intensity on subsequent
Go/NoGo task performance. That the present findings contrast with Smith et al. (2016) is in line with
the mixed findings that have been reported with respect to acute and simultaneous effects of exercise

on cognitive function (McMorris, 2016).

Methodological differences between the present experiment and Smith et al. (2016) could have
contributed to contrasting findings. With respect to exercise intensity manipulation, Smith et al. (2016)

reported RPE ranges of 15-17 and 18-19 for moderate and hard exercise intensities, respectively. At
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present, we based exercise intensity on self-reported RPE that corresponded with established
definitions of light, moderate and hard (vigorous) exercise intensity (Norton et al., 2010). Of note, our
moderate intensity condition corresponded to an RPE of 12.3-12.6 while the hard intensity condition
corresponded to an RPE of 15.5-15.7. Thus, there is apparent discrepancy between the intensity levels
that participants exercised at between the two studies. In the present study, hard exercise intensity
corresponded to the moderate level of exercise intensity used by Smith et al. (2016) when comparing
RPE. A second difference is the fact that in Smith et al. (2016), exercise was performed on a treadmill
ergometer in contrast to the present use of a cycle ergometer. Maintain running gait coordination
during exercise might place heightened demands on inhibitory control resources relative to seated

cycling.

Our second aim was to compare exercise and mindfulness + exercise cognitive training
approaches to enhancing inhibitory control during exercise. We did not observe any significant effects
of the cognitive training modality on Go/NoGo task performance when comparing pre and post-
training time points. The absence of task performance improvements from cognitive training might be
ascribed to the high level of task performance in the pre-training time point and the potential that the
exercise conditions did not sufficiently challenge inhibitory control. In summary, Go/NoGo task
performance during exercise was sufficiently optimised in terms of error and response latency before
training to the extent that it limited opportunity to improve performance with cognitive training. In
comparison to response error and latency, significant reduction in intraindividual variance in response
latency was observed between pre and post-training. Reduced variance appeared to be due to repeated
exposure to the task under hard exercise intensities as opposed to any cognitive training effect since

there was no significant interaction between cognitive training conditions and testing time points.

Conclusion

The present study suggests that in active, healthy young adults, performance in cognitive tasks integrating
inhibitory control during exercise is not different between light, moderate or hard exercise intensity, and
short-term training that combines mindfulness with aerobic exercise does not enhance performance in
these tasks. Given the high level of task performance of the study participants, a more demanding
cognitive and/or exercise task may be required to induce decrements in cognitive performance during

exercise and ensure sufficient room for improvement following a training intervention.
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