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Preface to ”Brain Function and Health, Sports, and

Exercise”

Sports and exercise have been related to acute and chronic changes in brain health and function.

Regular exercise has been used as a non-pharmacological approach for protecting brain health

while improving some brain functions. With benefits observed in young and old individuals and

healthy and clinical populations, sports and exercise seem to play an important role in contributing

to brain health and function. Despite some evidence regarding the contributions of sports and

exercise to brain health and function, there is an increasing number of original research papers and

systematic reviews with or without meta-analysis that may help professionals to identify which types

of sport and exercise are suitable for specific improvements and the adequate duration of carrying

out such activities. Additionally, there is space for further analysis of the contribution of sports

and exercise to both the improvement of efficiency in work and to the mitigation of the effects

of specific neurodegenerative diseases. Therefore, the Special Issue “Brain Function and Health,

Sports, and Exercise”welcomed contributions from different areas of knowledge that may assist in

improving our understand ing of the relationships between sports and exercise and brain health and

function. Original studies, systematic reviews, and meta-analysis on the following main topics were

received: (i) role of exercise in neurodegenerative diseases; (ii) role of sport and exercise in cognitive

performance; (iii) role of sport and exercise in brain health; (iv) effects of different sport and exercise

modes on brain function and health; and (v) dose–response relationships between exercise and brain

health and function.

Filipe Manuel Clemente and Ana Filipa Silva

Editors
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Acute Effect of a Simultaneous Exercise and Cognitive Task on
Executive Functions and Prefrontal Cortex Oxygenation in
Healthy Older Adults

Manon Pellegrini-Laplagne 1,2, Olivier Dupuy 1,3,* , Philippe Sosner 1,4,5 and Laurent Bosquet 1,3
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laurent.bosquet@univ-poitiers.fr (L.B.)

2 Société Rev’Lim, 87000 Limoges, France
3 Faculty of Medicine, School of Kinesiology and Physical Activity Sciences (EKSAP), University of Montreal,
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5 AP-HP Hôtel-Dieu, Centre de Diagnostic et de Thérapeutique, 75004 Paris, France
* Correspondence: olivier.dupuy@univ-poitiers.fr; Tel.: +33-(0)5-49-45-33-43

Abstract: The rapid increase in population aging and associated age-related cognitive decline requires
identifying innovative and effective methods to prevent it. To manage this socio-economic challenge,
physical, cognitive, and combined stimulations are proposed. The superiority of simultaneous
training compared to passive control and physical training alone seems to be an efficient method, but
very few studies assess the acute effect on executive function. This study aimed to investigate the
acute effect of simultaneous physical and cognitive exercise on executive functions in healthy older
adults, in comparison with either training alone. Seventeen healthy older adults performed three
experimental conditions in randomized order: physical exercise, cognitive exercise, and simultaneous
physical and cognitive exercise. The protocol involved a 30 min exercise duration at 60% of theoretical
maximal heart rate or 30 min of cognitive exercise or both. Executive functions measured by the Stroop
task and pre-frontal cortex oxygenation were assessed before and after the intervention. We found a
main effect of time on executive function and all experimental condition seems to improve inhibition
and flexibility scores (<0.05). We also found a decrease in cerebral oxygenation (∆[HbO2]) in both
hemispheres after each intervention in all cognitive performance assessed (p < 0.05). Simultaneous
physical and cognitive exercise is as effective a method as either physical or cognitive exercise alone
for improving executive function. The results of this study may have important clinical repercussions
by allowing to optimize the interventions designed to maintain the cognitive health of older adults
since simultaneous provide a time-efficient strategy to improve cognitive performance in older adults.

Keywords: physical exercise; cognitive exercise; simultaneous training; healthy aging; executive
function; cerebral oxygenation

1. Introduction

Age-related decline in cognitive performance, such as a decrease in processing speed,
attention, and executive functions can be associated with cognitive disorders such as de-
mentia [1–4]. Considering the demographic evolution in many countries, the increase in the
incidence of cognitive impairment in the near future is expected to double within the next
20 years [5]. Consequently, there is a need to identify innovative and effective treatments to
prevent, reduce, and delay functional impacts of normal age-related cognitive decline on
the daily life of healthy older adults. In this context, one of the main challenges consists
of developing efficient strategies to strengthen the “cognitive reserve” of the elderly [6].
Fortunately, drug-free interventions aimed at mitigating cognitive decline are attracting
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great research and societal interest. To date, three strategies have been used to prevent
cognitive decline and dementia: (i) cognitive training, (ii) exercise training, and (iii) simul-
taneous cognitive and exercise training [7]. Due to the positive impact of separate cognitive
and physical training, Kraft put forward the hypothesis that simultaneous cognitive and
physical training could induce a better cognitive improvement than physical training or
cognitive training alone [8]. This hypothesis has been supported by a recent meta-analysis
by Gavelin et al., 2021 who reported that combined cognitive and exercise training was
more efficient to improve cognition performances than each stimulation alone [9].

For several years, a growing body of literature has investigated the acute effect of a
single bout of aerobic exercise on cognitive functions. Although this effect has been mostly
described in healthy young adults [10–14], the interest in the specific response of older
adults is more recent [15–17]. The main observation is a positive impact of acute exercise
on executive functions [16], the magnitude of the effect being larger in older vs. younger
adults [17]. Surprisingly, the acute effect of a task combining simultaneously a physical
and a cognitive exercise has received very little attention. To the best of our knowledge, the
work by Ji et al., 2019 [18] is the single one that experimental session involving a cognitive
exercise, a physical exercise, a combined cognitive and physical exercise, and a reading
exercise that served as a control condition. Pre-frontal cortex oxygenation was measured
during a Stroop task test that was performed before and after each exercise. The authors
failed to report greater effect for combined modality and showed an improvement in
executive performance after the physical exercise and the combined cognitive and physical
exercise, but not after the cognitive exercise and the control condition. Interestingly, they
also reported greater oxygenation of the pre-frontal cortex after the combined physical
and cognitive exercise in comparison with the other conditions in post-exercise condition.
These results provide interesting insights into the adaptation process of the pre-frontal
cortex to an acute bout of combined cognitive and physical exercise, but they still need to
be confirmed [18]. The lack of superiority of simultaneous exercise on cognitive functions
in the elderly reported by Ji et al., 2019 [18] can potentially be explained by the cognitive
exercise used. Indeed, these authors used verbal fluency as a cognitive exercise and tested
its effect on Stroop performance, particularly on flexibility. It is known to date that cognitive
training has a positive effect on the stimulated cognitive function only and the transfer to
another cognitive process is difficult [19]. It is now important to test the effect of multiple
cognitive exercises by exercising several cognitive and executive functions.

The aim of this study was therefore to investigate the acute effect of simultaneous
physical and cognitive exercise using multiple stimulated cognitive functions on executive
functions in healthy older adults in comparison with either exercise alone. Based on
Kraft theory [8], we hypothesized that simultaneously combined cognitive and physical
exercise would be effective in improving executive performance, that the magnitude of
improvement would be greater than either exercise mode alone, and that this effect would
be mediated by a greater increase in pre-frontal cortex oxygenation.

2. Methods

2.1. Population

In total, 17 men (n = 5) and women (n = 12) aged between 57 and 69 years old were
recruited to participate in this study. Their characteristics are presented in Table 1. None of
them suffered from cognitive impairment (as defined as a MOCA score inferior or equal to
24) or from cardiovascular, metabolic, neurological, or psychiatric diseases. Participants
who have been prescribed with pharmacological treatment that could modify cardiovascu-
lar or neuromuscular functions were excluded. The protocol was reviewed and approved
by a national ethics committee for non-interventional research (CERSTAPS # 17 November
2017) and was conducted by recognized ethical standards and national/international laws.
All participants signed a written statement of informed consent.
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Table 1. Anthropometric, blood pressure, and cognitive characteristics of participants.

Sex
Women 12

Men 5

Age 62.4 ± 3.9

Height (cm) 166 ± 8.1

Weight (Kg) 69.0 ± 12.9

Arterial pressure
(Mean of 3 measures)

Systolic 124.0 ± 13.8

Diastolic 77.3 ± 11.4

MOCA 27.9 ± 1.7

BDI 3.0 ± 3.55
Results are presented: mean ± SD. BDI: Beck’s Depression Inventory. MoCA: Montreal Cognitive Assessment.

2.2. Study Design

Participants completed four different experimental sessions. The first session consisted
of familiarization with the computerized modified Stroop task test and a submaximal inten-
sity exercise test to determine the power necessary to achieve 60% of theoretical maximal
heart rate (tHRmax). In the following sessions, participants performed the computerized
modified Stroop task before and after a 30 min bout of either cognitive (CE), physical (PE),
or combined exercise (SE), in random order. The period separating each of these three
experimental visits was one week. Each participant was tested each time at the same time
of day. Pre-frontal cortex oxygenation was measured continuously during the cognitive test.
Considering the observation by Chang et al., 2012 that greater benefits of physical exercise
on cognitive performance were observed 15 min after exercise cessation, the Stroop task
was performed 10 min after each condition cessation [20]. The study design is presented in
Figure 1.

Figure 1. Illustration of experimental design, Stroop task and patch used for cerebral oxygenation.
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2.2.1. Submaximal Intensity Exercise Test

This test was performed on a stationary bicycle (Monark LC6, Monark Exercise AB,
Vansbro, Sweden). Theoretical maximal heart rate was determined by the formula proposed
by Gellish and colleagues [21]:

tHRmax = 207 − 0.7 ∗ age (1)

The test began at 30 W and increased by 20 W every two minutes until the participant
reached 60% of tHRmax. Participants had to pedal at 60 rotations per minute (rpm). Oxygen
uptake (VO2 mL·kg−1·min−1) was determined continuously on a 30-s basis using a portable
cardiopulmonary exercise testing system (Metalyser Cortex 3B, CORTEX Biophysik GmbH,
Germany). Gas analyzers were calibrated before each test using ambient air and a gas
mixture of known concentrations (15% O2 and 5% CO2). The turbine was calibrated before
each test using a 3-l syringe at several flow rates. The highest VO2 over a 30-s period
during the last stage was considered as the oxygen uptake at 60% of tHRmax (VO2 peak(60%),

mL·kg−1·min−1). Heart rate was measured continuously using a heart rate monitor (Polar
RS800 cx, Polar Electro, Kempele, Finland).

2.2.2. Physical Exercise

Participants completed a 30 min session of stationary bicycle at 60% of their tHRmax,
using a specific device (Velo-Cognitif, REV’LIM, Limoges, France, Figure 2). The cor-
responding power was estimated during the submaximal intensity exercise test. Heart
rate was recorded continuously to adjust power output during the session. The choice of
exercise intensity of 60% of tHRmax is based on some observations suggesting that cogni-
tive performance was improved at this intensity [22] and fulfils the recommendations by
Lauenroth et al., 2016 [23].

Figure 2. (A) Illustration of ‘Velo-Cognitif’, (B) example of participants during the simultaneous
physical and cognitive exercises on ‘Velo-Cognitif’.
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2.2.3. Cognitive Exercise

Participants completed a 30 min session of cognitive games in PRESCO (HappyNeuron,
Grenade Sur Garonne, France). This software was already used by [24]. The cognitive
exercise consisted of 4 different games (among 32 possible games), which were the same
for all participants but with a level of difficulty adapted to their cognitive capacities. These
4 games were used to train mainly executive functions. The testing order, the objective,
and the description of each cognitive game are presented in Table 2. The procedure of the
cognitive exercise session is illustrated in Figure 3. Each cognitive game had an approximate
duration of 7 min, and 30 s of rest was used between each game. Cognitive games were
presented on a touch screen, and subjects were asked to perform these games by responding
on the touch screen (Figure 2).

Table 2. Cognitive exercise (game) used to perform cognitive training.

Name of The Cognitive Game Testing Order Cognitive Function Aim of the Cognitive Exercise

Catch the ladybird 1 Processing speed Press a ladybird as quickly as possible

‘Vive l’alternance’ 2 Flexibility-Working memory

Based on the principle of the Trail
Making Test

Sort a list of words in alphabetical order
and a list of numbers in ascending order,

alternating between the two lists.

‘Hanoi Tower’ 3 Planification Principle of the Hanoi Tower test with
different degrees of difficulty.

N-back 4 Working memory
Principle of the n-back test with different
elements (numbers, shapes, colours) and

different degrees of difficulty.

Figure 3. Illustration of cognitive exercise procedure.

2.2.4. Simultaneously Combined Physical and Cognitive Exercise

Participants performed a 30 min session of simultaneously combined physical and cog-
nitive exercise, using a specific device (Velo-Cognitif, REV’LIM, Limoges, France, Figure 2)
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and the same modalities as previously described for the cognitive exercise and physical
exercise. Generally, the cognitive exercise started after 30 s of the beginning of pedaling.

2.3. Neuropsychological Assessment

2.3.1. Global Cognitive Test

The Montreal Cognitive Assessment test (MOCA) was used to evaluate global intellec-
tual efficiency. Briefly, this test consists of a 30-point test divided into 8 parts and 14 subtests.
It is a very complete test because it targets most cognitive functions: visuospatial skills,
executive functions, attention, working memory, short-term memory, delayed recall, and
language. A score higher than 26 is a normal score, and below this, people have a mild
cognitive impairment [25]. The dependent variable was the total score.

2.3.2. Executive Functions

The Computerized Modified Stroop task was used to assess executive functions. The
test used in this study is based on the Modified Stroop Color Test and included three
experimental conditions: naming, inhibiting, and switching. This task was already used in
several articles [26–29] with young and older people. Each block lasted between 2–4 min
and was interspersed with 60-s resting blocks. Overall, there were 3 experimental task
blocks (1 naming, 1 inhibition, and 1 switching) and 2 resting blocks, for a total length
between 8 and 14 min. In total, there were 60 Naming trials (Block 1), 60 Inhibition trials
(Block 2), and 60 Switching trials (Block 3). All trials began with a fixation cross (or square
for switching condition) for 1.5 s, and all visual stimuli appeared in the center of the
computer screen for 2.5s. Participants responded with two fingers (index and major finger)
from each of their hands on an AZERTY keyboard. In the Naming block, participants were
presented with a visual stimulus of the name of colors (RED/BLUE/GREEN/YELLOW) in
French presented in the color that is congruent with the word (i.e., RED presented in red ink).
Participants were asked to identify the color of the ink with a button press. In the Inhibition
block, each stimulus consisted of a color word (RED/BLUE/GREEN/YELLOW) printed in
the incongruent ink color (e.g., the word RED was presented in blue ink). Participants were
asked to identify the color of the ink (e.g., blue). In the Switching block, in 25% of the trials,
a square replaced the fixation cross. When this occurred, participants were instructed to
read the word instead of identifying the color of the ink (e.g., RED). As such, within the
Switching block, there were both inhibition trials in which the participant had to inhibit
their reading of the word and correctly identify the color of the ink, and there were switch
trials in which the participant had to switch their response mode to read the word instead
of identifying the color of the ink when a square appeared before the word presented.
Visual feedback on performance was presented after each trial. A practice session was
completed before the acquisition run to ensure the participants understood the task. The
practice consisted of a shorter version of the task. Dependent variables were reaction times
(ms) and the number of errors committed (%). We also calculated two scores, the first
being the inhibition score, which is the result of the inhibition block’s score minus naming
blocks’ performances on number or error, and corresponds to pure inhibition capacities.
The second, flexibility cost, is equal to the results of flexibility block’s score minus inhibition
blocks’ performances. The order of handover of executive blocks was counterbalanced
between subjects. The Stroop task is presented in Figure 1.

2.4. Prefrontal Cortex Oxygenation Measurement

Cerebral oxygenation and, more precisely, the concentration changes in [HbO2]
(∆[HbO2]), HHb (∆[HHb] and ∆[THb]) were recorded during the Stroop test with the
OxyMon fNIRS system (Artinis Medical Systems, Elst, Netherlands). This system utilizes
near-infrared light, which penetrates the skull and brain but is absorbed by hemoglobin (Hb)
chromophores in capillary, arteriolar, and venular beds (Ferrari & Quaresima, 2012) [30].
The light was transmitted with two wavelengths, 764 and 857 nm, and data were sampled
with a frequency of 10 Hz. This procedure measures relative changes in [HbO2] and [HHb]
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using the modified Beer–Lambert law. This law takes into account the differential path-
length factor (DPF), which is determined using the following formula: DPF (λ = 807 nm, A)
= 4.99 + 0.067 × (age 0.814). In our study, the DPF ranged from 5.69 to 6.60. The region of
interest is the Fp1 and Fp2 of the prefrontal cortex (PFC). The patch used in this study is
presented in Figure 1 and used eight optical channels, comprising four emitters and four
receptors, covering the right and left DLPFC and ventrolateral PFC (VLPFC) (Brodmann
areas, BAs 9/46 and 47/45/44), which were located using the 10/20 international system.
The distance between each emitter and receptor was 3.5 cm. The sensors were shielded from
ambient light with a black cloth. Oxysoft version 3.0 (Artinis Medical Systems, Elst, Nether-
lands) was used for data collection. Initially resting PFC oxygenation was acquired in a
seated position for 2 min before each Stroop task (before and after experimental conditions).
Because continuous-wave technology does not allow quantifying absolute concentration
due to the incapacity of measuring optical path lengths, the mean of [HbO2], [HHb], and
[THb] during the total duration of each block of the Stroop were compared to the minute
preceding each block. Our participants were asked to always face forward during the test,
avoid making a sudden head movement, clenching their jaw, frowning, and other facial
expressions. This procedure was already used by two different teams [26–28,31].

2.5. Statistical Analysis

Standard statistical methods were used for the calculation of means and standard
deviations. Normal Gaussian distribution of the data was verified by the Shapiro–Wilks’s
test and homoscedasticity by a modified Levene Test. Repeated measures ANOVA was
used to test the interaction between time and exercise condition on cognitive performance.
When the main effect was found, a Bonferroni post-hoc test was performed. All statistical
analyses were made with SPSS 17.0, and all statistical analyses with a p-value < 0.05 were
considered significant. Effects sizes (ES) were also calculated with Hedges’ g formula,
previously described by Dupuy et al., 2015, and interpreted with Cohen’s scale, where
EF ≤ 0.2 (trivial), >0.2 (small), >0.5 (moderate), and >0.8 (large) [26].

3. Results

3.1. Participants

The study included nineteen healthy adults aged between 57 and 69 years old. We
removed two of them because of health considerations during the study. The final sample
included 17 participants (12 women and 5 men). Their characteristics are presented in
Table 1.

3.2. Cognitive Assessment

All cognitive results are presented in Table 3. We found no difference between con-
dition and no interaction between time and condition in the congruent condition of the
Stroop test (i.e., naming). In contrast, we found a main effect of time on the executive
performance, including the inhibition reaction time (RT) (F(1.45) = 7.4, p < 0.01, ES = −0.18)
and the flexibility errors number (F(1.44) = 6.65, p = 0.01, ES = −0.31) and RT (F(1.45) = 16.5,
p < 0.01, ES = −0.24)]. Regarding inhibition cost, we found no main effect of time [errors
number (F(1.44) = 1.37, p = 0.24); RT (F(1.44) = 0.1, p = 0.80)]. In contrast, we found a main
effect of time on the RT flexibility cost score (F(1.44) = 4.17 p = 0.04, ES = −0.15) and no
interaction between time and condition (p = 0.12). For all significant results, the effects sizes
are calculated and presented in Figure 4. Based on the ES analysis (Figure 4), we found
no effect of physical exercise (ES = −0.01) and cognitive exercise (ES = 0.11) on flexibility
cost, whereas we found a moderate effect of combined cognitive and physical exercise
(ES = −0.67).
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Table 3. Cognitive performance before and after intervention.

Overall PE CE SE ANOVA Analysis

Pre Post Pre Post Pre Post Pre Post Main Effect
(p Value)

Interaction
(p Value)

Naming
Errors (nb) 0.35 ± 0.62 0.50 ± 0.81 0.47 ± 0.71 0.53± 0.87 0.35 ± 0.61 0.69 ± 0.94 0.24 ± 0.56 0.30 ± 0.60 0.14 0.45

RT (ms) 809.8 ± 121.3 796.8 ± 149.2 805.1 ± 133.7 798.1 ± 165.7 819.2 ± 119.8 811.6 ± 151.3 805.2 ± 116.7 781.5 ± 137.0 0.08 0.83

Inhibition
Errors (nb) 0.73 ± 1.8 0.36 ± 0.53 1.06 ± 2.9 0.24 ± 0.4 0.65 ± 1.1 0.44 ± 0.6 0.47 ± 0.9 0.41 ± 0.5 0.59 0.69

RT (ms) 962.6 ± 197.5 926.8 ± 185.2 975.8 ± 231.7 928.6 ± 212.1 976.4 ± 185.6 926.6 ± 171.3 935.6 ± 180.3 925.3 ± 181.2 <0.01 0.23

Inhibition
Cost

Errors (nb) 0.36 ± 1.7 −0.14 ± 0.9 0.58 ± 2.6 −0.29 ± 0.9 0.25 ± 1.1 −0.25 ± 1.2 0.23 ± 1.0 0.11 ± 0.8 0.24 0.61

RT (ms) 156.4 ± 139.6 135.2 ± 107.5 174.5 ± 175.1 133.9 ± 112.3 160.8 ± 126.5 130.4 ± 100.4 134.0 ± 115.3 141.1 ± 115.1 0.70 0.59

Flexibility
Errors (nb) 4.0 ± 4.8 2.7 ± 3.2 4.1 ± 5.3 2.3 ± 2.8 4.1 ± 5.5 3.4 ± 4.0 3.7 ± 3.6 2.5 ± 2.6 0.01 0.83

RT (ms) 1220.3 ± 210.5 1161.1± 222.5 1232.1 ± 200.7 1183.6 ± 211.4 1216.8 ± 199.3 1186.0 ± 241.8 1212.0 ± 241.2 1114.0 ± 218.9 <0.01 0.40

Flexibility
Cost

Errors (nb) 3.3 ± 5.1 2.3 ± 3.1 3.1 ± 6.5 2.1 ± 2.6 3.5 ± 5.3 2.8 ± 4.0 3.2 ± 3.2 2.1 ± 2.6 0.06 0.98

RT (ms) 285.7 ± 140.5 250.6 ± 154.8 281.5 ± 101.5 267.3 ± 104.8 276.7 ± 170.2 281.7 ± 205.8 298.9 ± 148.7 202.7 ± 133.3 0.01 0.17

Results are presented: mean ± standard deviation; RT: reaction time; PE: Physical Exercise; CE: Cognitive exercise; SE: simultaneous exercise; nb: number.8
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Figure 4. Magnitude of change (from baseline) on cognitive performance (Effect size). Negative
effect size indicates a reduced reaction time and a lesser error produced after each intervention. PE:
Physical Exercise; CE: Cognitive exercise; SE: simultaneous exercise.

3.3. PFC Oxygenation

All results for right and left hemispheres are presented in the Table 4. The results
for the whole PFC are presented in the Figure 5. Repeated measured ANOVA revealed a
main effect of time on ∆[HbO2] and on ∆[THB] during naming, inhibition and flexibility
conditions of the Stroop test. More precisely, we found a decrease in [∆HbO2] during
naming (F(1.44) = 10.6, p < 0.01, ES = −0.51), inhibition (F(1.44) = 7.22, p = 0.01, ES = −0.44)
and flexibility (F(1.44) = 8.5, p < 0.01, ES = −0.45). Similarly, total ∆[THB] decreased during
naming (F(1.44) = 9.7, p < 0.01, ES = −0.58), inhibition (F(1.44) = 7.2, p < 0.01, ES = −0.49)
and flexibility (F(1.44) = 4.28, p = 0.04, ES = −0.30). In contrast, total ∆[HHB] remained
stable during each condition of the Stroop test [naming (F(1.44) = 0.05, p = 0.81), inhibition
(F(1.44) = 0.19, p = 0.65) and flexibility (F(1.44) = 0.31, p = 0.57)]. We found no differences
between the left and right hemispheres.
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Table 4. Cerebral oxygenation during Stroop test before and after intervention for the right and left hemisphere.

Overall PE CE SE ANOVA Analysis

Pre Post Pre Post Pre Post Pre Post Main Effect
(p Value)

Interaction
(p Value)

Naming

Left

∆[HbO2]
(µmol·L−1)

0.04 ± 1.2 −0.53 ± 1.1 −0.04 ± 1.5 −0.80 ± 1.2 0.19 ± 0.99 −0.27 ± 1.1 −0.002 ± 1.2 −0.54 ± 0.86 <0.01 0.63

∆[Hbb] (µmol·L−1) 0.20 ± 0.58 0.17 ± 0.47 0.16 ± 0.75 0.25 ± 0.50 0.29 ± 0.53 0.05 ± 0.29 0.15 ± 0.45 0.20 ± 0.58 0.92 0.58

∆[THb]
(µmol·L−1)

0.25 ± 1.0 −0.36 ± 1.2 0.12 ± 0.92 −0.54 ± 1.36 0.48 ± 0.94 −0.22 ± 1.0 0.15 ± 1.1 −0.33 ± 1.1 <0.01 0.89

Right

∆[HbO2]
(µmol·L−1)

0.05 ± 1.0 −0.40 ± 0.94 −0.11 ± 1.1 −0.58 ± 0.98 0.11 ± 0.94 −0.16 ± 0.84 0.14 ± 1.1 −0.47 ± 0.99 <0.01 0.87

∆[Hbb] (µmol·L−1) 0.23 ± 0.67 0.20± 0.49 0.21 ± 0.87 0.35 ± 0.52 0.27 ± 0.58 0.07 ± 0.40 0.20 ± 0.58 0.18 ± 0.53 0.74 0.46

∆[THb]
(µmol·L−1)

0.28 ± 0.99 −0.20 ± 1.1 0.11 ± 1.2 −0.23 ± 1.2 0.38 ± 0.78 −0.1 ± 0.85 0.34 ± 1.0 −0.28 ± 1.4 <0.01 0.91

Inhibition

Left

∆[HbO2]
(µmol·L−1)

−0.08 ± 1.0 −0.57 ± 1.0 0.14 ± 1.2 −0.28 ± 1.0 −0.13 ± 0.99 −0.59 ± 1.1 −0.24 ± 0.96 −0.82 ± 0.93 0.02 0.90

∆[Hbb] (µmol·L−1) −0.05 ± 0.36 −0.05 ± 0.49 −0.01 ± 0.37 −0.15 ± 0.42 0.05 ± 0.40 0.05 ± 0.53 −0.18 ± 0.27 −0.06 ± 0.53 0.86 0.53

∆[THb]
(µmol·L−1)

−0.13 ± 0.99 −0.62 ± 1.1 0.13 ± 1.0 −0.43 ± 1.01 −0.08 ± 0.96 −0.54 ± 1.4 −0.42 ± 0.95 −0.88 ± 0.71 0.03 0.88

Right

∆[HbO2]
(µmol·L−1)

0.02 ± 1.0 −0.35 ± 0.87 0.03 ± 0.96 −0.04 ± 0.99 −0.03 ± 1.0 −0.43 ± 0.77 0.07 ± 1.2 −0.57 ± 0.81 0.02 0.50

∆[Hbb] (µmol·L−1) 0.03 ± 0.36 −0.001 ± 0.50 −0.01 ± 0.40 −0.09 ± 0.43 0.11 ± 0.31 −0.04 ± 0.26 −0.01 ± 0.39 0.12 ± 0.72 0.55 0.64

∆[THb]
(µmol·L−1)

0.06 ± 1.0 −0.35 ± 0.87 0.02 ± 0.76 −0.13 ± 1.1 0.08 ± 0.99 −0.47 ± 0.75 0.06 ± 1.4 −0.45 ± 0.80 0.02 0.82

Flexibility

Left

∆[HbO2]
(µmol·L−1)

0.55 ± 1.0 0.12 ± 0.94 0.98 ± 1.1 0.18 ± 0.96 0.50 ± 0.73 0.11 ± 1.0 0.21 ± 1.1 0.07 ± 0.93 <0.01 0.06

∆[Hbb] (µmol·L−1) −0.34 ± 0.46 −0.22 ± 0.69 −0.43 ± 0.49 −0.18 ± 0.62 −0.38 ± 0.41 −0.15 ± 0.92 −0.22 ± 0.49 −0.35 ± 0.47 0.54 0.65

∆[THb]
(µmol·L−1)

0.21 ± 1.0 −0.1 ± 1.3 0.55 ± 1.0 −0.003 ± 1.2 0.12 ± 0.79 −0.04 ± 1.6 −0.01 ± 1.2 −0.28 ± 0.98 0.09 0.36

Right

∆[HbO2]
(µmol·L−1)

0.66 ± 0.91 0.31 ± 0.91 0.89 ± 0.84 0.37 ± 1.0 0.65 ± 0.75 0.25 ± 0.90 0.47 ± 1.1 0.31 ± 0.89 <0.01 0.21

∆[Hbb] (µmol·L−1) −0.31 ± 0.44 −0.20 ± 0.49 −0.37 ± 0.55 −0.19 ± 0.58 −0.37 ± 0.35 −0.25 ± 0.46 −0.18 ± 0.40 −0.18 ± 0.47 0.70 0.96

∆[THb]
(µmol·L−1)

0.35 ± 1.0 0.10 ± 0.98 0.52 ± 1.1 0.18 ± 1.1 0.28 ± 0.87 0.01 ± 0.80 0.28 ± 1.1 0.12 ± 1.1 0.03 0.34

PE: Physical Exercise; CE: Cognitive exercise; SE: simultaneous exercise. Bold indicates significant results.
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Figure 5. Cerebral oxygenation during Stroop test before and after intervention for the whole
PFC (Prefrontal Cortex); * significant (p < 0.05). PE: Physical Exercise; CE: Cognitive Exercise; SE:
simultaneous Exercise.

4. Discussion

This study aimed to investigate the acute effect of simultaneous physical and cognitive
exercise on executive functions in healthy older adults, in comparison with either exercise
alone. Based on Kraft theory [8], we hypothesized that simultaneously combined cognitive
and physical exercise would be effective in improving executive performance and that the
magnitude of improvement would be greater than either exercise mode alone. We also
hypothesized that this effect would be mediated by a greater increase in pre-frontal cortex
oxygenation. Contrary to our hypotheses, we do not find either in our cognitive results, or
in our cerebral oxygenation results, a superior effect of simultaneous exercise compared
to physical or cognitive exercises alone. Our main findings were (1) an improvement in
executive performance (i.e., inhibition and flexibility conditions of the Stroop task) after
each exercise condition; (2), a larger decrease in flexibility cost (based on the ES) after
simultaneous cognitive and physical exercise; and (3) a decrease in ∆[HbO2] and ∆[THb]
after each exercise condition, both in the left and right PFC.

The effect of acute physical exercise on the cognitive performance of older adults has
been summarized in systematic reviews and meta-analyses [15–17]. The Stroop task is
probably the test that is the most widely used to assess the acute effect of physical exercise
on cognitive performance. The results of the literature seem unclear with (i) specific positive
effects on executive functions such as inhibition, (ii) effects only on processing speed, or
(iii) even a general effect. It would seem that these contradictory effects are due to the
multitude of exercise modalities used. Of the six studies identified by McSween’s systematic
review (2019), exercise duration ranged from 10 min to 30 min using either cycling, walking,
g, or stepping exercise modalities [15]. The Stroop task that we use contained three
blocks that allow us to evaluate naming, inhibition, and flexibility functions. Our results
showed that the exercise condition alone induces a beneficial effect on the reaction time
of the inhibition and flexibility block, as well as the flexibility cost. However, we do not
observe any effect on the processing speed on the inhibition cost. Our results validated the
hypothesis that executive functions are more sensitive to acute physical exercise as shown
by several authors [32–34]. Indeed, results from Abe et al., 2018, Hyodo et al., 2012, and

11



Brain Sci. 2022, 12, 455

Johnson et al., 2016 suggested an enhancement of the higher levels of executive functions
assessed by the Stroop interference in the post-exercise condition, which is consistent
with previous findings in young adults [35,36]. In addition, these authors reported no
enhancement of information processing speed. Furthermore, our results validate the
hypothesis that the most ‘demanding’ functions are more sensitive to the effect of acute
exercise. Indeed, several researchers [37–39] suggest that more demanding tasks are likely
to be more sensitive to the effects of physical exercise in comparison with automatic
effortless tasks, which supports the results of Abe et al., 2018, Hyodo et al., 2012 and
Johnson et al., 2016 [32–34].

The acute effects of cognitive exercise or simultaneous cognitive and physical exercise
on cognitive function in the elderly have been little studied. To our knowledge, only Ji et al.,
2019 [18] have studied this effect and reported a positive effect on inhibition and flexibility
processes. Our results also confirm this effect. However, like Ji et al., 2019 [18] our results
do not corroborate Kraft’s hypothesis [8] that double stimulation could have a greater
effect than other conditions alone. It should be remembered that this hypothesis was
formulated on long-term chronic effects and that we tested this hypothesis on acute effects
after a single session. However, although our statistical approach did not report interaction
x time on executive function, we can observe the largest effect (based on the ES) of the
simultaneous stimulation on the flexibility cost compared to other stimulations (cognitive
and physical alone). This result seems encouraging and confirms that this stimulation
induces a beneficial effect and can be considered as a cognitive enhancement time efficiency
strategy for elderly people.

The effects observed in this study on cerebral oxygenation showed a decrease in
cerebral oxygenation during the three blocks of the Stroop task after three types of exercise.
Indeed, compared to baseline, we observe a smaller increase in ∆[HbO2] and ∆[THB]
during the naming, inhibition, and flexibility tasks. The effect of acute exercise on brain
oxygenation during a cognitive task has been reviewed recently by Herold et al., 2018 [40].
Usually, in the vast majority of studies, greater brain oxygenation is observed during a
cognitive task after exercise. However, this finding was observed in young subjects in most
studies, which potentially explains the difference with the results obtained in our study. In
addition, several studies that report a greater cerebral oxygenation during a cognitive task
after a physical exercise uses a baseline before exercise and not just before each cognitive
task. This procedure unfortunately does not allow us to assess only the cortical activity.
However, Murata et al., 2015 [41] observed the same result after exercise of comparable
intensity (i.e., 50% of VO2max). The oxygenated hemoglobin concentration quantified across
the whole brain was lower after exercise, and this was the case for go trials and no-go trials.
More precisely, the oxygenated hemoglobin concentration in the dorsolateral prefrontal
cortex and the supplementary motor area was significantly lower after exercise. These
authors hypothesized that brain activity is less important than before exercise for the go
and the no-go tasks [41]. This hypothesis can be explained by the hypothesis provided by
Audiffren et al., 2008 [42] who explains that acute exercise improves ‘arousal’ explaining the
enhancement of cognitive performance in post-exercise conditions. The facilitating effect of
exercise on cognitive performance may explain the lower cortical activity observed in our
study [42]. This mechanism was observed after a period of chronic physical training where
less brain activity was observed during a cognitive task. Coetsee et al., 2017 observed
the same results with fNIRS techniques, reporting less HBO2 after a physical training
program [43]. These results are in accordance with fMRI results from Volcker-Rehage et al.,
2011 [44], who found less cortical activity after physical training. We could hypothesis
that the brain is more efficient after acute exercise, and therefore requires less cortical and
therefore metabolic and vascular activity. The reduced cerebral oxygenation after cognitive
exercise may also reflect reduced cortical activity. This phenomenon could be explained
by the fact that during cognitive exercise, neural circuits are stimulated and may benefit
from a facilitating effect when stimulated later. This theory is only speculative and requires
further work to validate.
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Though this study had several strengths, it was not without limitations, and the
interpretation of our results requires some caution. One limit of this article is the small
sample of this study, which does not allow us to generalize our results on a large scale.
Nevertheless, the calculation of the size of the effect using the Hedge formula allows us
to appreciate our results from a clinical point of view. The second limitation is the lack of
a control group. The presence of a control group would allow us to fully ensure that our
cognitive results and cerebral oxygenation are not due to a test–retest effect. Nevertheless,
the familiarization at the first visit and the practice trials before each block of the Stroop
task enables us to control this effect. In addition, the study by Ji et al., using a Stroop task
and a similar design to ours, did not report any change in the reaction time or error in the
older control group.

5. Conclusions

Based on Kraft theory [8], we hypothesized that simultaneously combined cognitive
and physical exercise would be more effective in improving executive performance than
either exercise mode alone and that this effect would be mediated by a greater increase in
pre-frontal cortex oxygenation. Our main findings were (1) an improvement in executive
performance (i.e., inhibition and flexibility conditions of the Stroop task) after each exercise
condition; (2) a larger decrease in flexibility cost (based on the ES) after combined cognitive
and physical exercise; (3) a decrease in ∆[HbO2] and ∆[THB] after each exercise condition,
both in the left and right PFC. Simultaneous physical and cognitive exercise is as effective
a method as either physical or cognitive exercise alone for improving executive function
and present no superiority in acute setting. The results of this study may have important
clinical repercussions by allowing us to optimize the interventions designed to maintain
the cognitive health of older adults since simultaneous provide a time-efficient strategy to
improve cognitive performance in older adults.
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Abstract: The morphology of the hippocampus and amygdala can be significantly affected by a long-
term hypoxia-induced inflammatory response. Cardiorespiratory fitness (CRF) has a significant effect
on the neuroplasticity of the hippocampus and amygdala by countering inflammation. However,
the role of CRF is still largely unclear at high altitudes. Here, we investigated brain limbic volumes
in participants who had experienced long-term hypoxia exposure in Tibet (3680 m), utilizing high-
resolution structural images to allow the segmentation of the hippocampus and amygdala into their
constituent substructures. We recruited a total of 48 participants (48 males; aged = 20.92 ± 1.03 years)
to undergo a structural 3T MRI, and the levels of maximal oxygen uptake (VO2max) were measured
using a cardiorespiratory function test. Inflammatory biomarkers were also collected. The participants
were divided into two groups according to the levels of median VO2max, and the analysis showed
that the morphological indexes of subfields of the hippocampus and amygdala of the lower CRF
group were decreased when compared with the higher CRF group. Furthermore, the multiple linear
regression analysis showed that there was a higher association with inflammatory factors in the lower
CRF group than that in the higher CRF group. This study suggested a significant association of CRF
with hippocampus and amygdala volume, which may be related to hypoxic stress in high-altitude
environments. A better CRF reduced physiological stress and a decrease in the inflammatory response
was observed, which may be related to the increased oxygen transport capacity of the body.

Keywords: high altitude; cardiorespiratory fitness; stress; amygdala; hippocampus

1. Introduction

Under a high-altitude environment, the decrease in atmospheric pressure and the
consequent drop in the partial pressure of oxygen (PO2) can result in hypobaric hypoxia.
The human brain is the most oxygen-consuming organ, and is very susceptible to hypoxic
stress [1]. Hypoxic stress has serious effects on brain structures, such as the hippocampus
and amygdala [2–4]. Behavior and brain structure changes arising from hypoxia can be
observed in a real high-altitude environment, and examined in simulated hypoxia situations.
The hypoxia impact on the brain exhibits a significant altitude-dependent effect [5,6].

Activation of the hypothalamic–pituitary–adrenal axis (HPA) is a hallmark of the stress
response [7]. At the level of the organism, a hypoxic challenge is perceived as a non-specific
stress, and hypoxia could upregulate the setpoint of the HPA axis and augment adrenal
steroidogenic production, resulting in neuroinflammation and neuronal cell death [8]. High-
altitude hypoxia stress affects a wide range of brain areas [4,9]. Major brain regions with
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structural and functional abnormalities are particularly vulnerable to hypoxic stress, includ-
ing the amygdala and hippocampus [8]. Changes in the amygdala and hippocampus under
high-altitude hypoxia stress may be due to the influence of inflammation [10,11]. The in-
flammatory response to hypoxia leads to the death of hippocampal neurons [12,13]. Similar
studies have found that after hypoxia stress, the inflammatory response of the hippocampus
and amygdala increase, leading to the death of neurons [14,15]. Studies of hypoxia stress in
the brain caused by human disease have also found that inflammation can trigger neuron
damage in the hippocampus and amygdala [14]. The number of corticotropin-releasing
factor- (CRF-) and neuropeptide-Y- (NPY-) positive neurons were found to be decreased in
the amygdala after hypoxia-ischemia [16]. In conclusion, inflammation caused by altitude
hypoxia stress seriously affects the hippocampus and amygdala.

Cardiorespiratory fitness (CRF) is an objective measure of habitual physical activity
that reflects the overall capacity of the cardiorespiratory system, and has been used to
assess the relationship between physical activity and health status [17]. Increasing evidence
has shown that higher levels of CRF are related to better brain health [18]. Improving CRF
can effectively maintain the axial homeostasis of the HPA and reduce the inflammatory
response [19,20]. CRF reduces stress-induced inflammation and increases neuroplastic-
ity in the hippocampus and amygdala [21]. For example, higher CRF was found to be
associated with greater GM volumes in several AD-relevant brain regions, including the
hippocampus and amygdala [22]. The CRF measured using VO2max was reported to be
associated with the volumetric enlargement of the hippocampal head, specifically the head
region of CA1 [23]. Studies in adolescents and older adults have shown that CRF levels
are associated with a greater hippocampal volume [24,25]. CRF protects neurons in the
amygdala and hippocampus against Alzheimer’s disease-related degeneration, probably
via enhancements of brain-derived neurotrophic factor (BDNF) signaling pathways and
Aβ clearance [26].

Cardiorespiratory function is an effective indicator for evaluating oxygen transport
capacity [27]. Cardiorespiratory function is a term that can be used interchangeably with
CRF, and indicates the VO2max or ability to undertake aerobic exercises [28]. Recent studies
have shown that the acclimatization and adaptive processes at high altitude in healthy
individuals, with tissue hypoxia, often lead to compromised arterial oxygenation [29].
However, CRF can improve oxygen transport at high altitudes [30]. This may be associated
with a lower mean RBC age, thereby improving oxygen release and increasing tissue
oxygen supply [31]. At the same time, the increase in CRF improves the affinity between
hemoglobin and oxygen [32]. An increase in CRF is accompanied by an increase in brain
blood flow and brain metabolism [33]. In summary, CRF is an important indicator of the
cardiovascular system’s ability to deliver oxygen to peripheral tissues, and the tissue’s
ability to use that oxygen [34]. Not surprisingly, CRF is involved in adaptation to high
altitudes [35].

However, it is still largely unclear whether and how the CRF regulates the impact
of hypoxia on the brain under high-altitude hypoxia environments. The present study
aimed to explore the relationship between the volume of the hippocampus and amygdala
with CRF across participants under a high-altitude environment in Tibet (3680 m). The
study recruited participants who had been exposed to high altitudes for more than 2 years.
VO2max was used to measure CRF via a specialized cardiorespiratory function test system,
and participants were divided into high and the low-CRF groups based on levels of median
VO2max. MRI data were collected to segment the hippocampus and amygdala volumes,
and the relationship between the hippocampal and amygdala subregions and the VO2max
was evaluated. To further explore the effect of CRF on the hippocampus and amygdala,
we also collected biochemical indicators related to inflammation and immunity to identify
the physical essence of the linkage of the hippocampus and amygdala with CRF in these
immigrant participants.
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2. Materials and Methods

2.1. Participants

This study recruited a total of 48 right-handed male participants who were born in
and grew up in low altitude areas, and had migrated to high-altitude areas (Lhasa, 3680 m)
for more than 2 years. The participants were divided into the high-CRF group (n = 23) and
the low-CRF group (n = 25) according to their median VO2max. In addition, the sample size
was reasonable, which was measured using the G*Power (t = 2.01, effect size was 0.83).

All the participants had normal vision or corrected vision, and none of them had a
history of mental illness or major diseases such as traumatic brain injury, hypertension,
or heart disease. The two groups were matched on age (20.92 ± 1.03 years) and years of
education (14.13 ± 0.33 years) (Table 1).

Table 1. Independent sample T test of demographic characteristics in the low- and high-CRF groups
(mean ± SD).

Low High t p

Age 21.00 ± 1.00 (years) 20.83 ± 1.07
(years) 0.58 0.56

BMI 20.64 ± 3.34 21.65 ± 1.95 −1.26 0.20

Education 14.08 ± 0.28 (years) 14.17 ± 0.39
(years) −0.97 0.34

Multimedia 6.04 ± 2.62 (hours) 5.57 ± 1.59
(hours) 0.75 0.46

SD: standard deviation; BMI: body-mass index; CRF: cardiopulmonary fitness; p < 0.05: statistical significance.

This study was approved by the local ethics committee of Tibet University, and
conducted in accordance with relevant guidelines and regulations. All the participants vol-
untarily participated in the experiment, signed the informed consent before the experiment,
and received a payment after the end of the experiment.

2.2. Experimental Design

Forty-eight male participants who had lived in Lhasa for more than two years were
randomly selected, and their VO2max was measured using a cardiopulmonary exercise test
(CPET). Participants were divided into the low- and high-CRF groups based on their median
VO2max. MRI data and biochemical indicators related to inflammation were collected. Then,
we tested the difference between the two groups on the subfield volume and the biochemical
indicators. An across-subject regressive analysis between the biochemical parameters and
the regions of the hippocampal and amygdala subfields was calculated within each group
(Figure 1).

2.3. Maximum Oxygen Uptake

CRF was assessed with CPET. Oxygen, carbon dioxide, and respiratory flow data were
collected in two conditions: during rest state and during exercise state (increased load
pedal powered bicycle). During the test condition, an incremental protocol with a 30 W
per two minutes stepwise was used to test exhaustion on a cycle ergometer. The power
bike load was carried out in frequency independent mode at 60 RPM, with an accuracy of
5 W. In the preparation stage, the participants were asked to sit quietly for five minutes,
and in the recovery phase, the original load was terminated and changed to 30 W. Heart
rate and oxygen uptake were measured continuously during the CPET (MetaLyzer 3B,
Cortex Medical GmbH, Leipzig, Germany), and the relevant indicators were calculated
according to the standard Wasserman formula [36]. The VO2max (mL·kg·min–1) values
were applied to completely characterize the aerobic predispositions of the participants.
Prior to the measurement of each participant, the device was recalibrated [37]. Maximal
efforts were assumed when the participant felt exhausted, had a heart rate greater than 180,
or had a respiratory exchange rate (RER) equal to or exceeding 1.1.
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size = 1 mm

Figure 1. Study design.

2.4. MRI Data Acquisition

T1 weighted images were collected by a Siemens 3 Tesla Allegra MRI scanner at the
Tibet Armed Police Corps Hospital using a magnetization-prepared rapid gradient-echo
(MP-RAGE) sequence with the following parameters: slice thickness = 1 mm, TR = 1900 ms,
TE = 2.41 ms, FA = 9◦, FOV = 256 mm, matrix = 256 × 256, slices = 192, voxel size = 1 mm3.

T1 weighted data were processed using Freesurfer 7.1.1 (http://surfer.nmr.mgh.
harvard.edu, accessed on 25 February 2022) and MATLAB 2014 Runtime (https://surfer.
nmr.mgh.harvard.edu/fswiki/MatlabRuntime, accessed on 25 February 2022). The stan-
dard volumetric pipeline was used to generate several files, including the Talairach trans-
formation matrix for hippocampal and amygdaloid subfields segmentation. After the
volumetric pipeline, quality control was performed to manually check the results of the
brain extraction, Talairach transformation, and brain segmentation.

The automated segmentation of the hippocampal and amygdaloid subfields was
driven by a probabilistic atlas and a Bayesian inference model, which maximized the
probability of the segmentation [38,39]. A total of 64 structural subfields were extracted,
including 20 amygdaloid subfields and 44 hippocampal subfields, as shown in Figure 2. The
subfields of the amygdala included the mean volume of the lateral nucleus, basal nucleus,
accessory basal nucleus, anterior amygdaloid area, central nucleus, medial nucleus, cortical
nucleus, corticoamygdaloid transition, and paralaminar nucleus, and the whole amygdala
was located at the bilateral hemispheres. The total of 44 hippocampal subfields included
the mean volume of the hippocampal tail, subiculum body, cornuammonis (CA) 1 body,
CA1 head, subiculum head, hippocampal fissure, presubiculum head, presubiculum body,
parasubiculum, molecular layer head, molecular layer body, granule cell layers of the
dentate gyrus (GC-DG) head, GC-DG body, CA3 body, CA3 head, CA4 head, CA4 body,
fimbria, hippocampal amygdala transition area, hippocampal body, and hippocampal head,
and the whole hippocampus was located in the bilateral hemispheres. Then, the volumes of
the amygdala subfields and hippocampus subfields were extracted for statistical analysis.
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Figure 2. Subfields of the amygdala and hippocampus. CA, cornuammonis; HATA, hippocampal
amygdala transition area; GC_ML_DG: granule cell layers of the dentate gyrus.

2.5. Biochemical Indicators

The biochemical indicators related to inflammation were collected from the partici-
pants by venous blood sampling in Fukang Hospital, affiliated with Tibet University (Lhasa,
Tibet), corresponding to a previous study in our lab [40].

2.6. Statistical Analysis

Statistical analyses of the hippocampal subfields’ volume, amygdala subfields’ volume,
and biochemical indicators were performed with SPSS (SPSS 20, inc./IBM, Armonk, NY,
USA). We carried out the Shapiro-Wilk test first and found that the data was normally
distributed (p > 0.05). The hippocampal subfield volume and amygdala subfield volume
were tested using the analysis of covariance (ANCOVA). The ratios of the hippocampal and
amygdala volume to intracranial volume were used as covariables [41]. An independent
sample T test was used for the biochemical indicators, and the alpha level was set at p < 0.05.

To test our hypothesis, the standard multiple linear regression analysis was used
to analyze the relationship between the biochemical parameters and the volume of the
hippocampus and amygdala subfields in each group, in which the biochemical parameters
were employed as the independent factors and the volume of the target regions as the
dependent factor. Notably, only the related biochemical parameters of the existing phase
were input into the stepwise regression model, and the regression analyses were controlled
for age and ratio of hippocampal and amygdala volume to intracranial volume by the
addition of variables into the linear model as covariates [42]. Durbin-Watson tests were
performed to ensure independence of errors (residuals). We checked the tolerances and
correlation coefficients to make sure that there were no collinearity problems in our data set.
The assumptions of linearity, error independence, homoscedasticity, outliers, and residual
normality had to be satisfied before the results which could be interpreted. The multiple
linear regression hypothesis was satisfied. The significance level was assumed at p < 0.05,
and p-values were corrected for multiple comparisons using the FDR correction [43].

3. Results

3.1. Hippocampal and Amygdala Subfields

High CRF (2.18 ± 0.20) was significantly higher than that of the low CRF (1.62 ± 0.15)
(t = −10.84, p < 0.001; Figure 3A). Analysis of covariance (ANCOVA) revealed that the left
GC_ML_DG head volume (F = 4.71, p = 0.035), the left CA4 head volume (F = 4.75, p = 0.035),
the right subiculum body volume (F = 4.34, p = 0.043), and the right presubiculum body
volume (F = 9.06, p = 0.004) in the hippocampus of the high-CRF group were significantly
larger than those of the low-CRF group. As regards the amygdala subfields, we found that
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the left corticoamygdaloid transition volumes (F = 0.465, p = 0.036) in the high-CRF group
were significantly larger than in the low-CRF group (Figure 3B).

 < 0.05, and p

= −

∗ ≤ 0.05; ∗∗ ≤ 0.01; ∗∗∗ ≤ 0.001

 

− 035 

Figure 3. (A) The difference in maximal oxygen uptake between the two groups; (B) Differences
between the hippocampal and amygdala subfields. L, left hemisphere; R, right hemisphere; CRF,
cardiorespiratory fitness; GC-ML-DG head: granule cell layers of the dentate gyrus; CA4: cornu-
ammonis 4; Sub body: subiculum body; Pre body: presubiculum body; CAT: corticoamygdaloid
transition; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

3.2. Biochemical Indicators

An independent sample T test revealed that the direct bilirubin (DBIL), total bilirubin
(TBIL), and red blood cells (RBC) in the high-CRF group were significantly greater than
those in the low-CRF group. The standard deviations in the red cell distribution width
(RDW-SD) in the high-CRF group were significantly lower than those of the low-CRF group.
There were no significant differences in the other indicators (Table 2).

Table 2. Statistical values of the independent sample T test for biochemical indexes in the low- and
high-CRF groups (mean ± SD).

Low High t p

DBIL 4.9 ± 2.53 (umol/L) 6.43 ± 2.3 (umol/L) −2.18 * 0.035

TBIL 16.56 ± 8.14
(umol/L)

21.64 ± 8.73
(umol/L) −2.09 * 0.042

NEUT 3.19 ± 1.34 (10ˆ9/L) 3.55 ± 1.16 (10ˆ9/L) −1.00 0.322
LYMPH 2.46 ± 0.56 (10ˆ9/L) 2.56 ± 0.51 (10ˆ9/L) −0.64 0.528

EO 0.10 ± 0.07 (10ˆ9/L) 0.08 ± 0.07 (10ˆ9/L) 0.95 0.346
RBC 5.31 ± 0.53 (10ˆ9/L) 5.87 ± 0.42 (10ˆ9/L) −3.97 *** <0.001
HGB 163.20 ± 19.53 (g/L) 180.17 ± 13.41 (g/L) −3.48 *** <0.001

RDW-SD 42.70 ± 3.11 (%) 40.22 ± 2.56 (%) 3.00 ** 0.004
TBIL: total bilirubin; DBIL: direct bilirubin; NEUT: neutrophil count; LYMPH: lymphocyte; EO: eosinophil count;
RBC: red blood cells; HGB: hemoglobin; HCT: hematocrit; RDW-SD: standard deviation in red cell distribution
width; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

3.3. Multiple Regression Analysis

3.3.1. Hippocampus Subfields

Multiple linear regression analyses in the two CRF groups, adjusted for hippocampal
total volume, were used to investigate possible associations between amygdala subfields
volumetrics and biochemical parameters (Tables 3 and 4). The regression analysis within the

22



Brain Sci. 2022, 12, 359

two groups showed that HGB (hemoglobin) effectively positively predicted the volumes
of the right subiculum body (Beta = 0.70, r2 = 0.11, p < 0.05, FDR corrected) and right
presubiculum body (Beta = 0.55, r2 = 0.11, p < 0.05, FDR corrected). In the low-CRF group,
the eosinophil (EO) predicted the left GC_ML_DG head volume (Beta = −0.53, r2 = 0.37,
p < 0.05, FDR corrected). The EO (Beta = −0.49, r2 = 0.38, p < 0.05, FDR corrected) predicted
the left CA4 head volume. The NEUT predicted the right subiculum body (NEUT, Beta
= 0.48, r2 = 0.23, p < 0.05, FDR corrected) and the right presubiculum body volume (Beta
= 0.73, r2 = 0.53, p < 0.05, FDR corrected). In the high-CRF group, the direct bilirubin
(DBIL) predicted the left GC_ML_DG head (Beta = −0.45, r2 = 0.25, p < 0.05, FDR corrected)
volume and the left CA4 head (Beta = −0.44, r2 = 0.19, p < 0.05, FDR corrected) volume.

Table 3. Multiple linear regression analysis of the hippocampal subregion, amygdala subregion, and
biochemical indexes within the two groups.

Dependent Variable Predictors B Ser Beta t

R Sub body Constant 152.33 44.04 3.459
HGB 0.70 2.56 0.38 2.75

R Pre body Constant 83.47 35.86 2.33
HGB 0.55 0.21 0.36 2.65

HGB: hemoglobin; L: left hemisphere; R: right hemisphere; Sub body: subiculum body; Pre body: presubiculum
body; p < 0.05, FDR correct.

Table 4. Multiple linear regression analysis of the hippocampal subregion, amygdala subregion, and
biochemical indexes for both groups.

Dependent
Variable

Predictors B Ser Beta t

Low CRF

L GC_ML_DG
head Constant 80.18 22.97 3.49

EO −101.75 26.48 −0.49 −3.84
L CA4 head Constant 65.92 19.07 3.43

EO −91.35 26.54 −0.53 −3.44
R Sub body Constant 228.79 14.37 15.92

NEUT 10.86 4.17 0.48 2.61
R Pre body Constant 125.16 9.10 13.75

NEUT 13.32 2.64 0.73 5.05
L CAT Constant 93.703 46.48 2.029

EO −744.84 302.94 −0.63 −3.35

High CRF

L GC_ML_DG
head Constant 208.01 13.17 15.80

DBIL −4.61 −1.74 −0.45 −2.65
L CA4 head Constant 60.99 41.39 1.47

TBIL −3.40 1.31 −0.44 −2.60
EO: eosinophil; NEUT: neutrophil; RBC: red blood cells; DBIL: direct bilirubin; TBIL: total bilirubin; L: left hemi-
sphere; R: right hemisphere; GC-ML-DG head: granule cell layers of the dentate gyrus; CA4 head: cornuammonis
4 head; Sub body: subiculum body; Pre body: presubiculum body; CAT: corticoamygdaloid transition; p < 0.05,
FDR corrected.

3.3.2. Amygdala Subfields

Multiple linear regression analysis (adjusted amygdala total volume) showed that the
amygdala and biochemical parameters were also related in the two CRF groups (Table 4).
In the low-CRF group, the EO predicted the left corticoamygdaloid transition volume
(Beta = −0.626, r2 = 0.21 p < 0.05, FDR corrected).

4. Discussion

To our knowledge, this is the first study to explore the effects of CRF on hippocampus
and amygdala volumes under a real high-altitude environment. This study found that
there were significant differences in the hippocampal and amygdala subregions related to
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CRF levels. When compared with the low-CRF group, the volumes of the hippocampus
and amygdala subfields were improved in the high-CRF group, and these changes were
associated with lower inflammatory responses. This suggests the existence of a relationship
between CRF levels and volume changes in the hippocampus and amygdala in high-altitude
environments, which may be associated with hypoxia stress.

Previous studies have found that hypoxia severely affects gray matter volumes in the
hippocampus and amygdala [44]. In this study, we found that the gray matter volume in
the hippocampal subfields and amygdala subfields were increased in the high-CRF group
when high-altitude participants were divided into two groups according to median VO2max.
This indicates that resilient cardiorespiratory function in high-altitude environments effec-
tively protects against the negative effects of high altitude and a low oxygen environment
on the hippocampus and amygdala. Previous literature has focused on analysis of the
relationship between the volume of subcortical brain structures and CRF, and have found
that higher levels of CRF are associated with greater volumes in the hippocampus and
basal ganglia [45,46]. Correspondingly, increased CRF is associated with an increase in
general cortical thickness [47], and higher CRF levels are associated with higher brain-
derived neurotrophic factor (BDNF) levels, especially in the hippocampus. Increased
hippocampal volume is positively correlated with BDNF levels [22]. Additionally, higher
CRF is associated with increased volume of the hippocampus and amygdala in Alzheimer’s
patients [22]. Better CRF improves the brain and behavior, as well as neurogenesis, in
both healthy and dementia models, reduces toxicity and cerebral amyloids, and reduces
inflammation and oxidative stress [48]. Consistent with these prior investigations, our
findings further suggested that high CRF is significantly related to increased gray matter
volume in the hippocampus and amygdala at high altitude among immigrant participants.

We found that the low-CRF group was more affected by inflammation than the high-
CRF group. Eosinophil effectively predicted the volume of the amygdala and hippocampal
subfields in the low-CRF group. The release of cortisol relates the secretion of cytokines, es-
pecially interleukin-5, which stimulates the production and differentiation of granulocytes,
such as eosinophils [49]. The inflammatory response induced by HPA axis disorder affects
the volume of the hippocampus and amygdala under the stress state [50]. Inflammation is
often accompanied by the apoptosis of a large number of cells and changes in the nervous
system [51]. Eosinophils are important markers of inflammation and are associated with
damage to neurons in the hippocampus and amygdala [52,53]. Eosinophils were observed
in the hippocampal and amygdala neuron damage induced by state epilepsy in mice [54].
Previous studies have shown that improved lung function is associated with decreased
eosinophils [55]. We also found that NEUT were effective predictors of hippocampal
subfields volume in the low-CRF group. NEUT, as phagocytes, play an important role in
inflammatory immune regulation [56]. Tissue damage caused by inflammation leads to the
excessive activation of NEUT, which leads to an aggravated inflammatory response [57].
The accumulation of neutrophils in the brain has been associated with increased secondary
brain damage and poor neurological outcomes [58]. Traumatic brain injury results in an
inflammatory response in the brain, accompanied by an influx of neutrophils into the
cerebral cortex and especially the hippocampus [59]. A lower CRF was also related to
greater WBC, as well as neutrophil, lymphocyte, and monocyte, counts [60]. Higher CRF
reduces NEUT content and improves the immune response [61,62]. Other studies have
found that higher CRF produces oxidative damage in neutrophils and induces antioxidant
defenses in lymphocytes [63]. Our results showed that the hippocampus and amygdala in
the low-CRF group were more susceptible to inflammation at high altitudes, resulting in
smaller amygdala and hippocampal volumes. However, the relationship between these
parameters and the amygdala and hippocampus was not found in the high-CRF group,
suggesting that high CRF can reduce the inflammatory response and improve the plastic-
ity of the hippocampus and amygdala under high-altitude stress, which is similar to the
findings in previous studies [64,65].
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Oxygen is transported primarily by hemoglobin in red blood cells [66,67]. We found
RBC and HGB were higher, and RDW-SD smaller, in the high-CRF group. RDW is a mea-
surement of the size variation, as well as an index of the heterogeneity, of the erythrocytes
(i.e., anisocytosis). Higher RDW values reflect greater variation in RBC volumes and were
found to be related to many inflammation diseases in previous studies [68]. Because the
erythrocyte represents the body’s oxygen carrier, its redox and metabolic status is extremely
important for the functioning and regulation of oxygen affinity to hemoglobin, which is
determined by a number of metabolites within the erythrocyte. All tissues are dependent
on RBC function, especially neurons, which use 20% of the total oxygen consumed [69].
Reduced hemoglobin levels in the hippocampus and other neurons have been found in
studies of neurodegenerative diseases [70]. Increases in erythrocytes and hemoglobin are
accompanied by increased hippocampal oxygenation under hypoxia [71]. On the other
hand, RBCs mediate the immune system’s ability to reduce inflammation and stress [72].
Another study also found that the red blood cells of physically active rats were more
resistant to oxidative stress after they were deprived of oxygen [73]. Our previous study
found that healthy RBC at high altitude can support the immune system [40]. Our results
here showed that individuals with high CRF levels had larger hippocampal and amygdala
volumes than those with low CRF levels, possibly because individuals with high CRF levels
have higher oxygen transport capacity and higher immune levels.

In addition, we found that the DBIL and TBIL of the high-CRF group negatively
predicted the hippocampal subfield volume, and the DBIL and TBIL in the high-CRF group
was significantly increased. The increase in DBIL and TBIL may be caused by the increase
in RBC and HGB. Bilirubin has been commonly considered to be simply the “final product”
of heme catabolism [74]. The rise in bilirubin in rats exposed to high altitudes may be due to
an increase in red blood cell counts [75]. Bilirubin is an endogenous antioxidant that plays
an important role in the anti-oxidative stress and anti-inflammation of neurons [76,77].
Bilirubin enhances the bactericidal ability of neutrophils [78]. There is evidence that it
protects the cardiovascular system, neuronal systems, the hepatobiliary system, the pul-
monary system, and the immune system [74]. Mildly elevated serum bilirubin is generally
associated with the attenuation of oxidative stress and with a decreased inflammatory
status [79]. On the other hand, a decrease in bilirubin during hypoxia is associated with
increased inflammation [80]. The accumulation of bilirubin acts as an effective defense
mechanism against stress and increased inflammation [81]. In conclusion, our results
suggest that higher CRF at high altitudes can reduce the hypoxic stress response, thereby
inducing immunity and reducing inflammation, which may be related to increased oxygen
transport capacity of the body.

There were several issues which should be considered in future works. First, a
longitudinal trace study should be included to validate the present findings, in which the
behavioral data including the gender difference, life style, personality, and so on should be
considered. Second, the physiological characteristics of hypoxia tolerance are closely related
to the genome, and this could provide a potential way to better understand the molecular
mechanisms of human adaptation to high altitudes [82]. Third, the neuroinflammatory
markers and the role of epigenetics should be explored related to the effects of exercise and
oxygen interventions on the high-altitude participants for altitude adaptation.

5. Conclusions

This study indicated that higher CRF can significantly protect against the decrease in
hippocampal and amygdala volume induced by high-altitude hypoxia. A better CRF might
be related to a lower physiological stress response. These findings provide new insights
into the stress response to hypoxia in human adaptation.
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Abstract: Balance training interventions over several months have been shown to improve spatial cog-
nitive functions and to induce structural plasticity in brain regions associated with visual-vestibular
self-motion processing. In the present cross-sectional study, we tested whether long-term balance
practice is associated with better spatial cognition. To this end, spatial perspective-taking abilities
were compared between balance experts (n = 40) practicing sports such as gymnastics, acrobatics
or slacklining for at least four hours a week for the last two years, endurance athletes (n = 38) and
sedentary healthy individuals (n = 58). The balance group showed better performance in a dynamic
balance task compared to both the endurance group and the sedentary group. Furthermore, the
balance group outperformed the sedentary group in a spatial perspective-taking task. A regression
analysis across all participants revealed a positive association between individual balance perfor-
mance and spatial perspective-taking abilities. Groups did not differ in executive functions, and
individual balance performance did not correlate with executive functions, suggesting a specific
association between balance skills and spatial cognition. The results are in line with theories of
embodied cognition, assuming that sensorimotor experience shapes cognitive functions.

Keywords: motor expertise; balance; spatial cognition; physical activity

1. Introduction

The study of experts who achieved very high levels of perceptual and sensorimotor
performance in their field after years of extensive training has a long tradition in psychology
and neuroscience, revealing fundamental principles of skill acquisition and their underlying
neuronal mechanisms [1,2]. Athletes, in particular, have been extensively studied in
this context, as they acquire very specific sensorimotor skills over years of regular and
structured training [3,4]. For instance, Land and McLeod [5] showed that professional
cricket batsmen were superior in judging when and where the ball will hit the ground
compared to amateur players. The batsmen’s superior performance was specifically linked
to reduced latencies of their initial saccade. Elite basketball players were reported to better
anticipate other basketball players’ shots, but not soccer kicks, compared to non-experts,
and the enhanced anticipatory skills correlated with enhanced excitability of their motor
cortices [6].

It is a matter of debate whether enhanced sports-specific skills transfer to the more
general cognitive functions assessed with psychometric tests. Visuo-spatial tasks, and
mental rotation in particular, are the most studied tasks in this context. Several studies
showed enhanced mental rotation skills in experts in combat sports, gymnastics and
dancing compared to athletes of other disciplines or non-athletes, with the largest effect
sizes for combat sports (for a meta-analysis, see [7]). The findings of expert studies in sports
have been discussed in the context of embodied cognition. According to the embodied
cognition framework, sensorimotor interactions with the environment play an important
role in the development and maintenance of higher cognitive skills [8]. Exercise-related
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cognitive benefits may be due to a stimulation of overlapping brain networks involved in
both the sensorimotor practice and specific cognitive processes, which in turn might transfer
to improved performance in psychometric tests addressing these cognitive functions, such
as mental rotation. Athletes performing combat sports or gymnastics are highly trained in
performing and imaging their own body transformations, even in very unfamiliar body
positions [9]. In addition, in combat sports, it is crucial to represent an opponent’s body in
space relative to one’s own body to anticipate the opponent’s movements. Thus, enhanced
mental rotation skills, measured with psychometric tests in martial artists (combat sports)
and gymnasts, might indicate a transfer of skills acquired during motor training, which is
in line with predictions of embodied cognition theories.

Gymnasts have been shown to outperform athletes of many other disciplines in
balance skills [10]. Balancing requires a rapid and continuous integration of vestibular,
somatosensory and visual signals. The integration of these signals is not only important
for postural control, but seems to be essential for cognitive functions such as self-motion
perception, body self-consciousness, spatial navigation and spatial memory [11]. For
instance, spatial memory deficits have been reported in patients with peripheral vestibular
lesions [12]. Experimental vestibular stimulation has been shown to impair performance in
perspective-taking and mental rotation tasks [13,14]. The vestibular system has widespread
cortical connections to brain regions known to be involved in spatial cognition, like the
posterior parietal cortex, the temporo-parietal junction, the retrosplenial cortex and the
hippocampus [11]. Thus, one might hypothesize that physical exercise, such as balancing,
which stimulates particularly vestibular pathways, should have an impact on visuo-spatial
skills. In line with this assumption, Dordevic et al. [15] reported improvements in a spatial
orientation task after one month of balance training on a slackline. Rogge et al. [16] showed
that 12 weeks of a balance training compared to relaxation training improved not only
dynamic balance performance, but also memory and spatial cognition in healthy adults.
These cognitive effects were rather specific for spatial skills, while no group differences
were found in executive functions or response speed. Moreover, cortical thickness was
increased in the balance group in brain regions associated with visual and vestibular self-
motion processing, such as the superior temporal cortex, visual association cortices, the
posterior cingulate cortex, the superior frontal sulcus and the precentral gyri [17]. In a
cross-sectional study, professional dancers and slackliners were found to have larger grey
matter volumes in the posterior hippocampus compared to non-balance experts [18]. On a
behavioral level, balance experts outperformed non-experts in a hippocampus-dependent
configurational learning task, but not in spatial memory and navigation tasks [18].

Taken together, athletes with a history of extensive training in combat sports, gymnas-
tics and dancing have been found to outperform athletes of many other disciplines and
non-athletes in visuo-spatial tasks requiring mental transformation of their own body or
objects in space. These enhanced skills might be mediated by practicing mental rotation
during training. This hypothesis is further supported by the observation that users of
sign language, which provides extensive practice in visuo-spatial processing, typically
have superior mental rotation skills [19,20]. In addition, training involving the stimulation
of vestibular networks, which are involved in visuo-spatial processes, might contribute
to better mental rotation skills in athletes performing sports activities with high balance
demands.

Most of the published studies have found higher mental rotation abilities in athletes
practicing gymnastics and combat sports compared to sedentary groups, but not when
contrasting their performance with athletes of other disciplines [21–23]. Only a few studies
have shown better mental rotation skills in gymnasts compared to athletes of other dis-
ciplines, after controlling for overall physical activity [9,24]. It remains an open question
whether the reported superior spatial cognitive skills in gymnasts indicate an association
between practicing a specific type of exercise and cognitive functions or are due to an
overall high level of physical activity.
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During the last two decades, numerous epidemiological and cross-sectional studies
have reported better cognitive and academic performance in physically active people
compared to sedentary individuals (e.g., [25–30]). Furthermore, randomized intervention
studies showed beneficial effects of regular exercise training on a wide range of cognitive
functions, including memory, executive functions, visuo-spatial skills and attention [31–33].
Most published intervention studies implemented aerobic exercise training. Consequently,
some authors suggested that aerobic exercise selectively improves executive functions,
especially in older populations [34,35]. However, executive functions have been shown to
be enhanced by complex motor training, which did not improve cardiovascular fitness [36].
A recent meta-analysis integrated 80 intervention studies on the effects of physical exercise
on cognition and found the largest cognitive benefit from exercise programs that improved
fine and gross-motor body coordination and balance skills over any other form of physi-
cal exercise. Overall, effect sizes did not differ significantly between cognitive domains,
suggesting a rather overarching effect of physical exercise on cognition [37]. Taken to-
gether, both epidemiological and training studies in previously sedentary healthy adults
have established a reliable link between regular physical exercise and better cognitive
functioning.

However, it is unknown whether enhanced spatial skills in athletes highly trained
in combat sports or gymnastics compared to sedentary participants are predominantly
due to a high amount of physical exercise, practicing mental rotation during training
by anticipating others’ movements, mental imagery of one’s own body movements, a
stimulation of vestibular networks by balance training or a combination of these factors.
The goal of the present study was to further unravel the specific contribution of balance
skills on spatial cognitive performance. Therefore, we recruited balance experts who
were regularly engaged in balance activities on their own, that is, without an opponent
or partner. Moreover, in order to control for the balance experts’ typical high overall
fitness, we included endurance athletes as an active control group. We hypothesized
that balance experts have specific advantages in visuo-spatial skills, both compared to
endurance athletes and compared to sedentary individuals. All participants were tested
on dynamic balance, spatial perspective-taking and executive functions. We additionally
hypothesized that better individual balance skills are associated with better performance in
the perspective-taking task. Both this correlation, as well as the overall higher performance
of the balance group, were expected to be specific for the perspective-taking skills; that is,
they were not expected for executive functions.

2. Materials and Methods

2.1. Participants

An a priori sample size calculation was performed with G*Power 3.1.9.2 [38]. Based on
the meta-analysis of Voyer and Jansen [7], we expected a medium effect size for enhanced
visuo-spatial skills in balance experts. Such an effect size can be statistically detected in a
one-way Anova (three groups) with a total sample size of 159 participants (power = 0.80,
alpha = 0.05). As described in detail in the next paragraphs, the data of some partici-
pants had to be discarded for the group analysis because the participants could not be
unambiguously categorized as balance experts and endurance athletes, did not follow task
instructions in the perspective-taking task or their data were classified as outliers. Thus,
the achieved power to detect a medium effect size in the group analysis (n = 133) for the
main outcome measure (deviation error in the perspective-taking task) was 0.72.

Individuals between 18 and 50 years of age were eligible for the study if they reported
practicing either balance activities or endurance sports for at least four hours a week during
the last two years. Athletes were recruited in sports clubs, at running events, through word-
of-mouth, using announcements in sports-specific social media groups and via a university
recruitment platform for psychological studies. Activities in the balance group included
acrobatics, ballet dancing, skateboarding, bouldering, unicycling, slacklining, freestyle
taekwondo (without opponent), dancing (solo dancing only), gymnastics, trampoline,
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tricking and yoga. Activities in the endurance group included cycling, running and
aerobic fitness training. Individuals practicing team sports, ball games, combat sports
with an opponent or dancing with a partner were not eligible for this study. Furthermore,
participants were not considered for the study if they reported practicing both balance
activities and endurance activities regularly. No current or past engagement in competitions
was required for taking part in the study. Participants were screened in a telephone
interview, and 97 participants were invited for testing. During the assessment session, all
participants filled in a questionnaire about their physical activities, including their sports
activities during the last week (Freiburg Questionnaire of Physical Activity, FQPA, [39]).
Moreover, the interviewer assessed their sports activities in detail. Based on data of
the FQPA and the second interview, participants were classified as balance experts or
endurance athletes. Three of the invited participants did not fulfil the criteria of practicing
4 h a week on a regular basis, and 16 participants could not be unambiguously classified as
balance experts or endurance athletes, and their data was thus disregarded for the group
analysis. The final sample comprised 78 athletes (40 balance experts and 38 endurance
experts). By contrast, the data of all invited athletes (n = 97) were considered for the
regression analyses exploring the association between balance performance and cognitive
measures.

Balance experts and endurance athletes were compared to 59 sedentary participants
(20–40 years of age, 43 female). Sedentary participants were recruited for a physical exercise
intervention study, which will be reported elsewhere. The data recorded at baseline were
included for the present study. Sedentary participants reported less than five exercise
sessions a month during the last five years.

None of the participants had any history of neurological disease, and they reported
no intake of antidepressant or antipsychotic medication. According to self-reporting, all
participants had normal or corrected-to-normal vision and normal hearing abilities. Most
of the participants (93%) held an A-level certificate or a university degree.

The local ethical board of the Faculty of Psychology and Movement Science at the Uni-
versity of Hamburg approved the study, and all participants gave written informed consent.
Participants received course credit or monetary compensation of 16 € for participation.

2.2. Assessments

2.2.1. Balance Test

Balance performance was tested with a stability platform (Stability Platform, Modell
16,030 L, Lafayette Instrument Company, Lafayette, IN, USA). Previous studies have
demonstrated a sufficient sensitivity of this method for distinguishing balance experts from
professional soccer players, swimmers and non-athletes [40,41].

Participants stood barefoot on an unstable platform with a maximal deviation of
15 degrees to each side. They were instructed to place their hands on their hips, direct their
gaze to a fixation cross straight ahead (eyes-open condition only) and to keep the platform
in a horizontal position for as long as possible during a 30 s trial. After a practice trial, three
30 s trials with eyes open and three 30 s trials with eyes closed were run, separated by 30 s
breaks. Whether participants started with eyes open or eyes closed was counterbalanced
across participants. A handrail was available to prevent falls and for use during rest. When
participants touched the handrail during a trial, the trial was repeated. Testing was stopped
after three unsuccessful attempts. This was the case for one participant in the eyesclosed
condition. A built-in digital encoder recorded the time per trial the platform was in the
horizontal position (± 3◦ deviation). The mean time spent in a horizontal position across
trials was calculated for each participant, separately for eyes open (EO) and eyes closed
(EC).

2.2.2. Perspective-Taking Abilities

The Orienting and Perspective Taking Test (OPT, [42]) was used to assesses the ability
to image scenes from different viewpoints, a sub-function of spatial cognition. In this
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paper-pencil test, participants were shown a picture with seven objects. Their task was to
imagine standing at one given object, facing a second object and indicating the direction of
a third object. A circle was printed under the scene, with an arrow pointing in the direction
of the object the participant was facing. Participants were instructed to draw a second
arrow indicating their imagined pointing direction. They were not allowed to turn the
page or their own body for viewpoint shifts. The time limit to solve 12 items was set to
5 min. Deviation errors were scored by subtracting the participants’ angle estimates from
the correct solutions. If a participant did not answer an item, missing values were replaced
with 90◦, as reported in [43]. The mean deviation across items was calculated for each
participant. Smaller values represent better performance.

Data of four participants were not included in the analyses of the OPT task because
two participants did not understand the instructions of the task (n = 1 endurance group,
n = 1 sedentary group) and two participants (balance group) had mean deviation errors of
more than three standard deviations above the group mean and were therefore excluded
as outliers.

2.2.3. Executive Functions

A computer-based modified version of the Eriksen flanker task [44,45] was used to
assess executive control and inhibition. Stimulus presentation and recording of responses
were performed using Presentation® Software (Version 14.9, Neurobehavioral Systems, Inc.,
Berkeley, CA, USA). Five arrows were presented in the middle of a computer screen (white
color on black background). Participants were asked to indicate the direction of the middle
arrow as fast as possible by pressing a left and right button on a custom-made device.
Participants responded with the index and middle fingers of the dominant hand. Each
stimulus was presented for 1000 ms, and the inter-stimulus interval was set to 1000 ms.
The probability of middle errors pointing to the right versus left was the same. In half
of the trials, the arrow in the middle indicated the same direction as the flanker arrows
(congruent trials), and in the other half of the trials, the arrow in the middle pointed in the
opposite direction as the flanker arrows (incongruent trials). In total, 2 blocks of 50 trials
each were run, with a short break between blocks. Congruent and incongruent trials were
presented in random order within a block.

Trials with reaction times faster than 200 ms and reaction times slower than 3 standard
deviations above the individual mean reaction time were discarded from further analyses.
Only correct trials were considered for reaction time analyses. On average, less than 1.5% of
the trials were error trials. Data of the Flanker task were missing for four participants due
to technical problems (n = 2 balance group, n = 1 endurance group) and non-compliance
with task instructions (n = 1 balance group).

2.2.4. Physical Activity Questionnaire

The German version of the “Freiburg Questionnaire of Physical Activity” (FQPA, [39])
was used to assess participants’ general physical activity and their sports activities in
particular. The questionnaire encompasses questions about basic physical activities (e.g.,
walking to work, taking the stairs, gardening), leisure-time activities (dancing, light cycling
tours) and sports activities. Hours of activity per week were calculated separately for
basic physical activities, leisure-time activities and sports activities. Moreover, metabolic
equivalents (MET) per week were calculated to estimate the total energy expenditure
associated with physical activities, using the compendium provided by Ainsworth et al. [46].
One participant did not fill in the FQPA.
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2.2.5. Verbal Intelligence Test

The German “Mehrfachwahl-Wortschatztest” (MWT-B, [47]) was used to estimate
participants’ verbal intelligence. The MWT-B comprises 37 rows with four pseudo-words
and one legal German word. Participants have to strike out the legal German word with a
pencil. The item difficulty continuously increases from the first to the last row. The test
score correlates with the general IQ in healthy adults [47].

2.3. Data Analysis

Balance performance and perspective-taking skills were compared between balance
experts, endurance athletes and sedentary participants by means of an Analysis of Co-
variance (Ancova), using age and gender as covariates. The significant main effects of the
factor group were followed up with simple contrasts, comparing the balance group against
the endurance group and the balance group against the sedentary group.

For executive functions, a 2 × 3 Ancova with the within-subject factor Congruency
(congruent vs. incongruent) and the between-subject factor Group (balance vs. endurance
vs. sedentary) as well as the covariates age and gender was run to test for differences in
reaction times in the flanker task.

Linear regression models were run to test for associations between balance perfor-
mance and cognitive functions. We ran hierarchical models, entering age and gender as
predictors in the first step and balance performance with eyes open in the second step, to
test whether balance performance explained additional variance. Separate models with
mean deviation error in the OPT and the flanker effect (reaction times in incongruent trials
minus congruent trials) as dependent variable were run. Furthermore, we ran models
using additional covariates, including hours of sports activities, hours of basic and leisure
time activities and verbal IQ, to test whether the revealed associations were explained by
the amount of physical activity and participants’ IQ.

Data analyses were performed using IBM SPSS Statistics, Version 25. Figures were
generated using the package gglot 2 [48] in R (Version 3.6.0, R [49]).

3. Results

3.1. Description of Participant Groups

Characteristics of participants considered for the group analyses are provided in
Table 1. Sedentary participants tended to be on average younger than endurance athletes.
There were significantly more female participants in the balance group and the sedentary
group than in the endurance group. Thus, age and gender were included as covariates
in the consecutive analyses. Sedentary participants had significantly lower scores in the
verbal IQ test compared to both balance experts and endurance athletes. Verbal IQ was not
available for fifteen participants (n = 5 did not fill in the test due to time reasons, n = 10
were non-native German speakers). Therefore, we reported additional analyses in the
subgroup of participants for whom data on verbal IQ were available, controlling for verbal
IQ. The balance experts and endurance athletes reported spending on average 8.83 h/week,
CI = (7.90, 9.75) for sports activities, while sedentary participants reported 0.52 h/week,
CI = (0.25, 0.79). Time spent training did not differ between balance experts and endurance
athletes, t(76) = 0.57, p = 0.568, d = 0.13. As expected, endurance athletes practiced sports
activities with higher metabolic demands than balance experts, resulting in a significant
group difference in metabolic equivalents (METs) assigned to the activities reported in the
FQPA, t(76) = −3.41, p = 0.001, d = −0.77.
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Table 1. Participant characteristics (Mean, Sd) for balance experts, endurance athletes and sedentary participants.

Balance Experts
n = 40

Endurance Athletes
n = 38

Sedentary Participants
n = 59

p

Age 27.95 (8.39) 29.71 (7.07) 26.63 (5.33) 0.098 3

Gender (female/male) 25/15 17/21 43/16 0.020 4

Verbal IQ 1 29.06 (4.15) 29.11 (3.34) 27.13 (4.23) 0.029 3

Self-reported sports activities 2

(hours/week)
9.06 (4.50) 8.58 (3.61) 0.52 (1.04) <0.001 3

Self-reported sports activities 2

(MET)
45.28 (27.84) 67.96 (30.19) 2.48 (4.73) <0.001 3

Self-reported basic and leisure
time activities 2 (hours/week) 8.38 (6.96) 8.72 (5.14) 6.44 (4.59) 0.087 3

Self-reported basic and leisure
time activities 2 (MET) 30.62 (25.11) 34.13 (19.78) 21.91 (15.25) 0.008 3

Note. 1 Missing data verbal IQ: n = 7 balance group, n = 2 endurance group, n = 6 sedentary group; 2 Missing data FQPA: n = 1 balance
group; 3 Anova; 4 Chi-squared test.

3.2. Balance Performance

Balance performance tested with eyes open was significantly better in balance experts
compared to both endurance athletes and sedentary participants, F(2, 132) = 13.78, p < 0.001,
η2 = 0.173, balance vs. endurance: covariate-adjusted group difference = 2.18, p = 0.005, 95%
CI (0.69, 3.68), balance vs. sedentary: covariate-adjusted group difference = 3.56, p < 0.001,
95% CI (2.21, 4.90), Figure 1. Groups did not significantly differ in the eyes-closed condition,
F(2, 131) = 1.43, p = 0.244, η2 = 0.021.

η

η

η

 
Figure 1. Mean performance on the balance platform in the eyes-open condition, separately for the
balance experts, endurance athletes and sedentary participants. Error bars indicate 95% confidence
intervals. Data of single participants are plotted in grey. ** p < 0.01, *** p < 0.001, post hoc contrasts.

The pattern of results was confirmed when controlling for verbal IQ, F(2, 116) = 14.54,
p < 0.001, η2 = 0.200, balance vs. endurance: covariate-adjusted group difference = 2.70,
p = 0.001, 95% CI (1.16, 4.24), balance vs. sedentary: covariate-adjusted group difference = 3.88,
p < 0.001, 95% CI (2.44, 5.32).
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3.3. Perspective-Taking Abilities

Groups significantly differed in the OPT, F(2, 128) = 10.56, p < 0.001, η2 = 0.142, with
the balance group showing the smallest and the sedentary group the largest mean deviation
errors, as shown in Figure 2. Planned contrast confirmed a significantly better performance
for the balance group compared to the sedentary group, with a covariate-adjusted group
difference = −16.23, p < 0.001, 95% CI (−23.36, −9.10). The difference between the balance
group and the endurance group was not significant, with the covariate-adjusted group
difference = −6.16, p = 0.130, 95% CI [−14.17, 1.84].

η

− − −

− −

η
− − −

η
η

η

η η
η

Figure 2. Mean deviation error in the Orienting and Perspective Taking Test, separately for the
balance experts, endurance athletes and sedentary participants. Error bars indicate 95% confidence
intervals. Data of single participants are plotted in grey. ** p < 0.01, post hoc contrast.

The group difference remained significant when controlling for verbal IQ, F(2, 113) = 5.92,
p = 0.004, η2 = 0.095, balance vs. sedentary group: covariate adjusted group difference = −12.40,
p = 0.001, 95% CI (−19.60, −5.21).

3.4. Executive Functions

Participants showed a reliable flanker effect, with faster reaction times in the congruent
condition than in the incongruent condition: F(1, 128) = 31.68, p < 0.001, η2 = 0.198; see
Figure 3. Neither overall reaction times, Group F(2, 128) = 0.46, p = 0.631, η2 = 0.007, nor
the flanker effect differed between groups, Congruency x Group F(2, 128) = 1.10, p = 0.335,
η2 = 0.017.

Adding verbal IQ as an additional covariate did not change the pattern of results:
Congruency F(1, 113) = 19.56, p < 0.001, η2 = 0.148, Group F(2, 113) = 0.62, p = 0.539,
η2 = 0.011, Congruency x Group F(2, 113) = 1.01, p = 0.367, η2 = 0.018.
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β −

β −

β β −

Figure 3. Mean reaction times in the flanker task, separately for congruent versus incongruent trials
and for the balance experts, endurance athletes and sedentary participants. Error bars indicate
95% confidence intervals. Data of single participants are plotted in grey.

3.5. Regression Analyses

For regression analyses, data of all assessed participants were considered, including
data of those who could not be unambiguously assigned to the balance group, endurance
group or sedentary group. By doing so, we tested the overall association between balance
expertise and cognitive function in a larger sample and ruled out the possibility that
participant exclusion may have biased the reported association between balance expertise
and spatial cognition. Additional regression analyses for the subsample considered for the
group analyses are provided in Appendix A (Figure A1, Table A1, Table A2).

Balance performance was significantly associated with perspective-taking skills
(Figure 4), such that the better the performance on the stability platform in the eyes-
open condition, the lower the deviation errors in the OPT, standardized β (148) = −0.307,
p < 0.001, adjusted for age and gender. The strength of the association was very similar
when adding hours of sports activities/week as an additional covariate, standardized
β (146) = −0.301, p = 0.001; see Table 2.

The flanker effect did not correlate significantly with balance performance, standard-
ized β (148) = 0.025, p = 0.773, adjusted for age and gender, standardized β (146) = −0.027,
p = 0.760, adjusted for age, gender and hours of sports activities; see Table 3.

We ran further regression models to test whether the reported associations could be
explained by participants’ basic and leisure time physical activity and verbal IQ. In one
model, age, gender and the sum of basic and leisure time physical activity reported in
the FQPA were entered as covariates. In a second model, age, gender and number of
correct words in the MWT-B score were entered as covariates. Cognitive measures served
as the dependent variable and balance performance with eyes open as the predictor. The
additional analyses confirmed a specific association between balance performance and
spatial cognition that could not be explained by the amount of physical activity (model 1)
and verbal IQ (model 2) (all |ß| > 0.28, all p < 0.01). That is, participants with better
balance performance had lower deviation errors in the OPT. No associations between
balance performance and the flanker effect were found (all |ß| < 0.04, all p > 0.7).
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s’ basic and leisure time physical activity and verbal IQ. In one 

│ │

│ │

 β ∆R

−0
−5 −1 −0
−0 −1 −0 −0

−0 −0 −0
−9 −1 −2 −0
−0 −1 −0

−1 −2 −0 −0

Figure 4. Correlation between balance performance in the eyes-open condition (seconds in correct
position) and perspective-taking skills (OPT task, mean deviation error in degree). Confidence bands
indicate 95% confidence intervals.

Table 2. Hierarchical regression model for perspective-taking abilities (OPT task).

Variable B 95% CI for B SE B β R2
∆R2

LL UL

Step 1 0.078 0.078 **
Constant 32.53 20.07 45.00 6.31

Age 0.057 −0.38 0.50 0.22 0.02
Gender −5.56 −11.66 0.55 3.09 −0.15

Hours sports/week −0.72 −1.28 −0.16 0.28 −0.21*

Step 2 0.151 0.073 **
Constant 53.64 36.84 70.44 8.50

Age −0.20 −0.64 0.24 0.22 −0.07
Gender −9.00 −15.17 −2.81 3.13 −0.24 **

Hours sports/week −0.49 −1.04 0.06 0.28 −0.14
Stability platform

eyes open −1.53 −2.39 −0.68 0.43 −0.30 **

Notes: CI = confidence interval, LL = lower limit, UL = upper limit, * p < 0.05, ** p < 0.01.

Table 3. Hierarchical regression model for the flanker effect (RT incongruent–RT congruent).

Variable B 95% CI for B SE B β R2
∆R2

LL UL

Step 1 0.035 0.035
Constant 44.91 28.65 61.18 8.23

Age 0.22 −0.33 0.78 0.28 0.07
Gender 5.39 −2.82 13.60 4.15 0.11

Hours sports/week 0.52 −0.24 1.28 0.39 0.11

Step 2 0.036 0.001
Constant 47.35 24.68 70.02 11.47

Age 0.20 −0.39 0.78 0.30 0.06
Gender 4.97 −3.70 13.64 4.39 0.10

Hours sports/week 0.55 −0.24 1.34 0.40 0.12
Stability platform

eyes open −0.18 −1.37 1.00 0.60 −0.03

Notes: RT = reaction times, CI = confidence interval, LL = lower limit, UL = upper limit.
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4. Discussion

In the present cross-sectional study, we provided evidence for a positive association
between balance skills and visuo-spatial abilities: Participants who reported practicing
balance sports for at least four hours a week during the last two years outperformed seden-
tary participants in the Object Perspective Taking Test (OPT). There was no significant
difference in spatial abilities between endurance athletes and sedentary participants, sug-
gesting that overall physical activity cannot explain group differences in spatial cognition.
A regression analysis that included all participants additionally indicated that dynamic
balance performance was associated with fewer errors in the perspective-taking task, when
controlling for age, gender, verbal IQ and physical activity. The association was specific for
the visuo-spatial task, with no group differences in a flanker task assessing response speed
and executive functions. Moreover, individual balance performance did not correlate with
executive functions.

These results are in line with a meta-analysis on mental rotation skills in motor
experts [7], demonstrating overall better performance of motor experts than sedentary
participants in mental rotation tasks. However, effect sizes differed considerably for athletes
of different disciplines. The largest effect sizes were found for athletes practicing combat
sports, followed by those engaging in gymnastics and dancing; effect sizes for endurance
athletes did not differ significantly from zero. It has been argued that performing combat
sports, gymnastics and dancing requires mental rotation and continuous updating of one’s
own and others’ body position in space along all body axes [9,22], while exercise programs
of endurance athletes are mostly uniform and predictable. Thus, extensive visuo-spatial
processing in combination with motor practice in these disciplines might lead to improved
mental rotation abilities, which transfers to better performance in visuo-spatial tasks outside
of the sport context. In the present study, we excluded participants practicing combat
sports, couple dance and ball sports to narrow down the possible processes that might
contribute to better spatial skills in motor experts. Thus, the enhanced perspective-taking
skills in the balance experts in the present study are probably less due to extensive training
in anticipating the movements of an opponent, partner or object in space, but might be
shaped by spatial updating and mental imagery of their own body transformations.

Furthermore, it could be speculated that the vestibular system is a mediating factor.
Superior balance skills have been shown for gymnasts and dancers compared to athletes
engaging in other physical activities [10,50,51]. Moreover, balance training has been shown
not only to improve balance skills but to enhance performance in spatial cognition tests
as well [15,16]. In the present study, we investigated the contribution of balance expertise
to enhancing spatial skills in athletes by including individuals whose physical activity
was associated with high demands on postural control, such as gymnastics, slacklining,
acrobatics, ballet, skateboarding, bouldering, unicycling, freestyle taekwondo, dancing,
trampolining, tricking and yoga. Moreover, we assessed balance performance explicitly,
with a stability platform. Therefore, we demonstrate that individuals engaged in sports
activities that place high demands on balance outperformed both endurance athletes and
sedentary participants in terms of dynamic balance abilities. Thus, the present data suggest
that balance skills should be taken into account when discussing improved visuo-spatial
skills in motor experts.

Balancing requires an efficient integration of vestibular, proprioceptive, somatosensory
and visual signals. There is growing evidence that the vestibular system essentially con-
tributes to higher-order cognitive functions such as spatial orientation, memory and body
self-consciousness [11,52,53]. Visuo-spatial tasks requiring mental spatial transformations
are known to activate higher-order visual areas in the occipital lobe, the posterior parietal
cortex and the parieto-medial temporal pathway to the hippocampus [54,55]. It should be
noted that these regions partially overlap with vestibular cortical networks [11,56,57]. In
brain imaging studies, long-term balance expertise and short-term balance training for sev-
eral weeks have been associated with changes in grey matter volume and cortical thickness
in areas receiving vestibular input, such as higher-order visual association areas [17,18], the
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posterior cingulate cortex [17] and the hippocampus [18,58]. Moreover, balance training
has been associated with structural changes in premotor and motor cortices [17,59–61],
which are known to be activated during mental rotation and mental motor imagery [55,62].
Thus, regular joined stimulation of visuo-vestibular pathways and motor cortices during
balance training, which partially overlap with areas important for spatial processing, may
contribute to superior performance of balance experts in the spatial task. The results can be
interpreted in an embodied cognition framework, which proposes that cognitive processes
are based on, or are at least moderated by, sensorimotor processes [63], probably by relying
on shared neuronal representations [4]. Enhanced cognitive performance in specific cogni-
tive domains in motor experts compared to novices, such as enhanced perspective-taking
skills in balance experts, might thus be the result of long-lasting sensorimotor training [64].
Practicing physical activities with high balance needs is, however, only one factor among
those linked to enhanced visuo-spatial skills. For instance, better mental rotation skills
compared to controls have been reported for professional orchestral musicians [65] and
users of sign language [20].

In the present study, we used a perspective-taking task to measure spatial skills, while
previous studies on visuo-spatial skills in motor experts mostly assessed mental rotation
abilities. The OPT measures the ability to perform egocentric spatial transformations, i.e.,
the ability to mentally shift one’s perspective in order to judge the relative position of
objects in the environment [42]. In contrast, mental rotation tasks typically measure the
ability to imagine movements or the rotation of objects, which requires object-based spatial
transformations but not egocentric transformations [42]. Depending on the type of the
stimuli and task instructions, the distinction between perspective-taking tasks and mental
rotation tasks is less clear-cut. It has been shown that body stimuli in mental rotation
tasks trigger perspective-taking strategies. Steggemann et al. [9], for instance, compared
experts in artistic gymnastics, aero wheel gymnastics and trampolining to athletes from
disciplines that do not involve a lot of spins and turns around the body axes. In this study,
the authors used three mental rotation tasks: a letter rotation task with same–mirrored
judgments, a body rotation task with same-mirrored judgment and a body rotation task
with left–right judgments. The motor experts showed an advantage only in the body
rotation task with left–right judgments, which requires an egocentric transformation, i.e.,
the rotation of one’s own point of view. The authors suggested that the athletes are highly
trained in body transformations, even in very unfamiliar body positions, which transfers
to the laboratory task of egocentric mental rotation, but not to object-based mental rotation.
However, other studies have reported better performance in object-based mental rotation
in motor experts [21,23]. Thus, it is still an open question whether there are specific effects
of balance expertise on egocentric spatial transformations.

Superior performance of the balance experts in the dynamic balance task compared to
endurance athletes and sedentary participants was only found for the eyes-open condition,
not for the eyes-closed condition. The balance experts regularly perform their sports with
eyes open, making use of visual cues to detect motion displacements and to stabilize
posture. Dordevic et al. [58] reported better balance performance in professional ballet
dancers compared to age-matched controls in both eyes-open and eyes-closed conditions,
but effect sizes were larger for the eyes-open condition. Sedentary participants showed
an increase in balance performance after a complex balance training only in the eyes-open
testing conditions [66]. Taken together, these results suggest that the effects of motor
training on balance skills are more pronounced for the sensory condition that athletes
usually experience during their regular training.

We hypothesized that balance training is specially associated with visuo-spatial abili-
ties. Physical exercise is defined as an activity that is “planned, structured, repetitive, and
purposeful in the sense that the improvement or maintenance of one or more components
of physical fitness is the objective” [67] (pp. 52–53). Physical exercise is a subcategory
of physical activity, defined as “any bodily movement produced by skeletal muscles that
requires energy expenditure” [67] (pp. 52–53). Both physical exercise and overall physical
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activity have been linked to enhanced cognitive performance in epidemiological stud-
ies [31,32]. In the present study, participants’ amounts of physical exercise training as well
as their basic and leisure time physical activity was assessed with a questionnaire. The data
showed that the balance group and the endurance group did not differ in the amount of
physical exercise nor physical activity in everyday life. Furthermore, the difference between
athletes and sedentary participants was much more pronounced for physical exercise (8 h
per week) compared to the group difference in basic and leisure time physical activity (2 h
per week). Adding basic and leisure time physical activity as additional covariates in the
models did not reduce the association between balance skills and visuo-spatial abilities.
Therefore, we concluded that there is a specific association between practicing balance
sports and visuo-spatial processing that cannot be accounted for by the amount of time
spent physically exercising and overall physical activity.

As hypothesized, superior performance of the balance group compared to sedentary
participants was specific for the visuo-spatial task and was not observed for executive
functions. This is in line with findings of a recent balance training study, which found
effects of the balance training compared to a relaxation control training on spatial cognition
and memory, but not for executive functions as assessed with the Stroop task [16]. In
the present study, the endurance group also did not differ from the sedentary group in
executive functions. This was expected on the basis of studies reporting improved executive
functions in physically active people compared to sedentary individuals [68,69] and on
the basis of training studies proposing beneficial effects of aerobic exercise, particularly on
executive functions [34,35,70]. Age has been shown to moderate the influence of exercise
on executive functions, with the beneficial effects of aerobic exercise increasing with age
in adulthood [71]. It has been suggested that cognitive functions are most sensitive to
sensorimotor experiences in phases during which they undergo developmental changes,
such as executive functions in childhood and old age [72–75]. Participants in the present
study were between 18 and 50 years of age. In this age range, executive functions are rather
stable and at their functional peak [76,77] and thus maybe less likely to be affected by the
habitual level of physical exercise.

Studying balance experts allows exploring the effects of regular sensorimotor expe-
rience accumulated over years, which is hardly possible to investigate in randomized
controlled trials. However, data of the present study are correlational only and do not
allow causal interpretations. Reverse causality might account for the reported associations
with visuo-spatial abilities influencing whether or not individuals start practicing balance
sports and the proficiency level they reach. We showed that balance performance explained
variance in visuo-spatial skills that could not be accounted for by participants’ age, gender,
verbal IQ and the amount of physical activity. Moreover, participants in the present sample
had an overall high level of education, making it unlikely that the reported effects could
be explained by group differences in general intelligence. Nevertheless, further variables
might have contributed to the association between balance skills and perspective-taking
abilities. For instance, playing action video games has been shown to improve spatial
cognition [78], which was not assessed in the present study. We measured balance perfor-
mance with a standardized protocol on a stability platform, but the amount of endurance
exercise and participants’ overall physical activity was assessed via self-reporting only,
which may be prone to higher measurement errors and biases [79]. Adding standardized
assessments of cardiovascular fitness and using wearable activity trackers to draw samples
of participants’ physical activity in everyday life might be fruitful approaches to disentan-
gle the contribution of different forms of physical activity to cognitive functions in athletes
and sedentary participants in future studies.
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The athletes recruited for the present study trained at least four hours per week in
their discipline over the past two years. Although some participants reported taking part
in sports competitions, this was not an inclusion criterion, and we did not systematically
assess how many were engaging in competitions and at which level. Recruiting elite
athletes and using standardized procedures for defining expertise level [80] might have in-
creased the power of detecting specific associations between balance training and cognitive
functions.

The positive effects of physical exercise on cognition have not only been reported
after months or years of training, but after a single bout of cardiovascular exercise [33,81].
One might hypothesize that acute and chronic effects of physical exercise add up when
performed regularly and over long periods of time. Studies on acute effects of balance
training, however, are lacking. There are some recent results suggesting that the acute
cognitive effects of balance exercise do not differ from those after a cardiovascular exercise
session [82]. These results should be confirmed in further studies including a control group
without training.

Perspective-taking abilities in the present study were assessed using a paper-pencil
test, while executive functions were measured with a computer-based flanker task. One
might argue that the difference in the assessment modalities might have caused the reported
dissociation between cognitive domains. Computerized tests of cognitive function provide
very precise measures of reaction times and are therefore more sensitive to individual
differences in cognitive performance than paper and pencil tests [83,84]. Thus, if anything,
we would have expected more of a correlation between balance expertise and executive
functions, which we did not find.

5. Conclusions

In the present cross-sectional study, we demonstrate that high balance skills are asso-
ciated with higher spatial cognitive abilities and that this association cannot be explained
by time spent on physical exercise or overall verbal IQ. Moreover, a similar association was
not found for executive functions. Practicing balance sports such as gymnastics, acrobatics,
dancing and slacklining requires complex body transformations in space and an efficient
integration of vestibular, proprioceptive and visual signals. We speculate that the specific
skills acquired during balance training transfer to higher spatial cognitive functions in
balance experts, probably based on shared neural circuits. From an applied perspective,
incorporating balance tasks into physical exercise programs might be a promising approach
to increase spatial cognition in athletes and in individuals with deficits in spatial cognition,
such as aging populations or patients suffering from neuro-degenerative diseases.
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Appendix A. Regression Analyses: Subsample Considered for Group Analyses

—
—

Figure A1. Correlation between the balance performance in the eyes-open condition (seconds in
correct position) and perspective-taking skills (OPT task, mean deviation error in degree). N = 133
(n = 38 balance group, n = 37 endurance group, n = 58 sedentary group). Confidence bands indicate
95% confidence intervals.

Table A1. Hierarchical regression model for perspective-taking abilities (OPT task).

Variable B 95% CI for B SE B β R2
∆R2

LL UL

Step 1 0.081 0.081 *
Constant 31.14 17.57 44.70 6.85

Age 0.092 −0.39 0.58 0.25 0.03
Gender −3.61 −10.19 2.97 3.33 −0.10

hours sports/week −0.88 −1.28 −0.15 0.32 −0.25 **

Step 2 0.170 0.089 **
Constant 55.18 36.91 73.46 9.24

Age −0.24 −0.74 0.26 0.25 −0.08
Gender −7.28 −13.86 −0.70 3.33 −0.19 *

Hours sports/week −0.59 −1.21 0.02 0.31 −0.17
Stability platform

eyes open −1.66 −2.55 −0.77 0.45 −0.34 ***

Note: CI = confidence interval, LL = lower limit, UL = upper limit, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Table A2. Hierarchical regression model for the flanker effect (RT incongruent–RT congruent).

Variable B 95% CI for B SE B β R2
∆R2

LL UL

Step 1 0.046 0.046
Constant 47.17 29.89 64.45 8.73

Age 0.11 −0.49 0.72 0.31 0.03
Gender 5.81 −2.91 14.54 4.41 0.12

Hours sports/week 0.68 −0.16 1.53 0.42 0.14

Step 2 0.047 0.001
Constant 49.67 25.42 73.91 12.25

Age 0.08 −0.56 0.72 0.32 0.02
Gender 5.40 −3.81 14.60 4.65 0.11

Hours sports/week 0.72 −0.16 1.60 0.44 0.15
Stability platform

eyes open −0.18 −1.41 1.05 0.62 −0.03

Note: RT = reaction times, CI = confidence interval, LL = lower limit, UL = upper limit.
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Abstract: The purpose of the study was to systematically review the evidence on the effects of an
acute bout of exercise on concurrent performance of core executive function (EF) during exercise in
adults. Four electronic databases (i.e., PubMed, Web of Science, PsycINFO, and SportDiscus) were
searched from inception dates to 30 December 2020. The literature searches were conducted using
the combinations of two groups of relevant items related to exercise and executive function. Articles
were limited to human studies in adults. The search process, study selection, data extraction, and
study quality assessments were carried out independently by two researchers. A total of 4899 studies
were identified. Twenty-two studies met our inclusion criteria. Of the 42 reported outcomes in the
22 studies, 13 (31%) of the 42 outcomes showed that core EF performance was enhanced during
exercise and 14 (33%) found that core EF performance did not differ from control conditions. Fifteen
(36%) found that core EF performance was impaired. Notably, improved EF performances tend to be
observed during moderate-intensity exercise, whereas impaired EF performances were more likely to
be observed at vigorous-high intensity. The review suggests mixed findings regarding the effects of
an acute bout of exercise on concurrent performance of core EF. Exercise intensity seems to influence
the effects. The underlying neural mechanisms remain to be elucidated.

Keywords: brain; exercise; exercise intensity; executive function

1. Introduction

Accumulating evidence indicates that exercise is not only beneficial to physical health
but also to brain and cognitive function [1–3], and that the exercise-induced positive effects
seem to be significantly larger for executive function (EF) compared to other cognitive
subdomains [4,5]. EF refers to a subset of higher-order mental skills, primarily encom-
passing inhibitory control, working memory, and cognitive flexibility. These three core
subdomains have attracted substantial attention from the research community, especially
its association with school-based academic performance and future career success [6,7].
Observational studies have shown that higher levels of physical activity or greater aerobic
fitness are associated with better EF-related performance among various age groups [8–10].
Chronic exercise intervention studies further support that exercise could promote cognitive
(and brain) development in children and attenuate the progress of age-related cognitive
decline [11,12]. In addition, a growing body of studies have also examined the effects of
acute exercise on EF [13,14]. Specifically, the concurrent and subsequent performance of EF
were both affected by an acute bout of exercise [15]. Several hypotheses have proposed
in the literature to explain the mechanisms underlying the effects of exercise on cognitive
performance, such as the cardiorespiratory hypothesis, neurogenesis increase hypothesis,
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synaptic plasticity increase hypothesis, catecholamines increase hypothesis, and cognitive
enrichment hypothesis [16,17].

Individuals often confront a situation wherein cognitive skills and physical activities
are simultaneously needed [18], which seems to be simulated by the concurrent measures
of cognitive performance during exercise. For example, in sports and military activities,
successful performances partly depend on the ability to simultaneously handle physical
and cognitive loads [19,20]. To this end, it is of great importance to elucidate how the
concurrent performance of EF is modulated during exercise. However, some studies show
that EF performances appear to be impaired [21–23] or improved [15,24] during an acute
bout of exercise, whereas others did not observe any influences [25,26]. Collectively, there
is a lack of consensus with regard to the changes in core EF during exercise.

A previous review assessed the effects of acute bouts of exercise on cognitive perfor-
mance during and after an exercise session [27]. They concluded that submaximal aerobic
exercise with a duration up to 60 min facilitated specific aspects of information processing,
and that extended exercise negatively influenced information processing and memory func-
tion. In a later systematic review with meta-analysis, Lambourne and Tomporowski [28]
quantitatively analyzed the effects of acute exercise on cognitive function. They found
that cognitive performance declined during the initial 20 min and then facilitated after
20 min of exercise. Similar views have been presented in the review by Chang et al. [29],
indicating that the time of cognitive test administration during exercise significantly in-
fluenced the outcome, such that effects in the first 20 min of exercise were negligible or
negative, and effects after 20 min of exercise were positive. Furthermore, Schmit and
Brisswalter [30] proposed a fatigue-based neurocognitive perspective of EF during exercise.
They demonstrated that EF performance during relatively long exercise would be dynamic
rather than steady and that exercise intensity may not be the most crucial factor to explain
EF performance. However, in the aforementioned reviews, the included studies examined
performance of a diversity of cognitive skills during exercise. Meanwhile, only a limited
number of the included studies investigated the effects of acute exercise on core EF while
exercising and highlighted the lack of consensus. Obviously, the inconsistent findings
regarding EF performance during exercise warrant further investigations.

Taken together, we identified two gaps in the literature. First, there is no systematic
review that has exclusively evaluated the core EF performance during acute bouts of
exercise. Second, factors that may moderate the concurrent EF performance during exercise
are not clear. With these thoughts in mind, the current study aims to systematically review
the evidence on the effects of an acute bout of exercise on concurrent core EF performance
during exercise in adults.

2. Methods

The systematic review was performed according to the guidelines from the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses [31].

2.1. Data Sources and Search Strategy

The electronic databases PubMed, Web of Science, SportDiscus, and PsycINFO were
searched for relevant articles. Articles were retrieved from inception dates to 30 December
2020. The literature searches were conducted using combinations of two groups of relevant
items: (“exercise” OR “aerobic exercise” OR “acute exercise”) AND (“executive function”
OR “cognitive control” OR “inhibitory control” OR “working memory” OR “cognitive
flexibility”).

2.2. Study Selection

Two authors independently performed the literature searches. Upon performing the
computerized searches, the article titles and abstracts were reviewed in order to identify
potentially relevant articles. All potential and relevant articles were retrieved and reviewed
at the full text level. In addition, the bibliographies of the included studies were further
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screened for missing relevant studies. Any disagreements about the study selection were
discussed among the authors until a consensus was reached.

2.3. Inclusion/Exclusion Criteria

Studies were included if they: (1) published in peer-reviewed journals with full text
available in English; (2) investigated core executive function performance during an acute
bout of exercise in adults (18–65 years); and (3) employed an experimental design with a
comparison to a no-exercise control group/condition. Studies without predefined exercise
intensity (e.g., self-paced cycling or walking) were excluded. Studies conducted in a special
condition (e.g., severe hypoxia or breakfast omission) were also excluded.

2.4. Methodological Quality of Included Studies

Two authors independently evaluated the methodological quality of the included
studies. The methodological quality of each included study was evaluated using the
Physiotherapy Evidence Database (PEDro) scale [32,33]. This scale consists of 11 items to
assess the methodological quality: eligibility criteria, randomization, concealed allocation,
similar baseline, blinding of all subjects, blinding of all therapists, blinding of all assessors,
more than 85% retention, intention to treat analysis, between/within group comparison,
and point measures and measures of variability. If an item was described absently or
unclearly, the article would be given 0 points; if an item was described clearly, the article
would be given 1 point. When disagreements of rating between the two reviewers occurred,
they discussed and re-evaluated the discrepant results together until reaching a consensus.
Total score was calculated, with a higher score indicating better methodological quality.
Given that some of the studies employed a within-subject design, these studies were
automatically awarded a point for the baseline comparability item. The item for blinded
subjects is given 0 points for all studies, since the blinding of participants is not possible in
exercise behavioral intervention studies.

2.5. Data Extraction of Included Studies

Detailed information of the included studies was extracted, including the first author,
methodological quality, participants description, study design, exercise protocol, time of
EF test administration and duration, EF task and subdomain(s), and main results. If study
findings suggest divergent effects (e.g., shorter RT but impaired RA) of exercise on EF
performance, this systematic review retrieved RT as a measure of EF performance.

3. Results

3.1. Study Selection and Study Characteristics

Figure 1 depicts the flow chart of the article selection process. The computerized
searches identified 4892 articles from the four electronic databases and seven were identified
through screening the references in the relevant articles.

After removing duplicates and irrelevant articles, 3624 articles were eligible for further
screening. After screening via title and abstract, 35 were identified as potentially relevant,
and the full text articles were reviewed. Among them, 13 articles were ineligible as
they employed a self-paced exercise protocol (e.g., self-paced cycling), were conducted
in a special condition (e.g., severe hypoxia or breakfast omission), or did not employ a
comparison to a no-exercise control group/condition. Thus, 22 articles met our inclusion
criteria and were included for the qualitative research. Notably, due to the lack of relevant
data and the diversity of the experimental protocols (e.g., exercise protocol, time points
of EF measurement, and nature of the cognitive tasks), it is not feasible to quantitatively
synthesize the findings using a meta-analytic method.
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Figure 1. Flow chart of study selection.

Collectively, in the 22 studies, a total of 590 participants were included, with sample
sizes of each individual study ranging from 7 to 120. A total of 13 EF tasks were used.
The included studies employed light to high intensities based on classifications of aerobic
exercise intensity by Norton et al. [34]. The exercise duration lasted from 7 to 65 min. The
study characteristics are summarized in Table 1.
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Table 1. Characteristics of the included studies.

Study
(Authors,

Methodological
Quality)

Participants
Description

Study
Design

Exercise Protocol
Time of EF Test
Administration
and Duration

EF
Task

EF Domain Results

Audiffren et al.
[22]
5/11

Female:
21.11 ± 1.05

Male:
21.14 ± 0.69

(N = 18)
9M/18

Within-
subject
design

Cycling at 90% VT
(moderate
intensity);

exercise duration
(40 min)

Intermittent
assessment

(a total of 5 times)
RNG

Working
memory;

inhibitory
control

Inhibitory control
was impaired
while working

memory did not
differ from the

control conditions.
The EF modulation
can be interpreted

as a change in
strategy.

Davranche
et al. [35]

7/11

30 ± 8
(N = 14)
11M/14

Within-
subject
design

Cycling at 50%
MAP

(moderate
intensity);

Exercise duration
(two periods of
20 min cycling)

Four blocks of task
trials were

performed during
a first 15-min

period and another
four blocks were

performed during
a second 15-min

period.

Flanker
task

Inhibitory
control

The task
performance was
not different from

the control
condition.

Davranche and
McMorris [20]

7/11

32 ± 9
(N = 12)
8M/12

Within-
subject
design

Cycling at VT
intensity

(moderate
intensity);

exercise duration
(20 min)

The Simon task
began at the end of

the 3-min
warm-up period
and performed

within the
remaining 17-min

period.

Simon
task

Inhibitory
control

According to the
Simon effect,

inhibitory control
(RT) was impaired.

Del Giorno
et al. [36]

7/11

20.2 ± 1.1
(N = 30)
17M/30

Within-
subject
design

Cycling at 75% VT
and VT intensity

(light and
moderate
intensity);

exercise duration
(30 min)

Cognitive tests
began at 20 min

following the onset
of exercise, lasting
for approximately

4 min.

CPT;
WCST

Inhibitory
control;

cognitive
flexibility

The performance of
two tasks (RA) was

impaired during
exercise at both

light and moderate
intensities.

Dietrich and
Sparling [21]

7/11

Exp.1
23.7 ± 9.4
(N = 24)
24M/24

Between-
subject
design

Cycling or running
at

70–80% HRmax
(vigorous
intensity);

exercise duration
(50 min)

Cognitive tests
began after 25 min
of exercise, lasting
for approximately

10 min.

WCST Cognitive
flexibility

For the WCST, the
exercise group

made significantly
more errors

compared to the
control group.

Exp.2
25.1 ± 6.3

(N = 8)
8M/8

Within-
subject
design

Running at
vigorous intensity;
exercise duration

(65 min)

After 25 min of
exercise, lasting for
approximately 28

min.

PASAT Working
memory

For the PASAT, the
exercise condition

resulted in
significantly more

errors than the
control condition.

Dodwell et al.
[37]
5/11

24.5 ± 2.6
(N = 18)
10M/18

Within-
subject
design

Cycling or running
at 65% HRR

intensity
(vigorous intensity)

The Retro-cue task
began following

5–10 min of
warm-up period,
included 4 blocks

of 96 trials.

Retro-
cue
task

Working
memory

RT was facilitated
in the exercise

condition
compared to the

control condition.
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Table 1. Cont.

Study
(Authors,

Methodological
Quality)

Participants
Description

Study
Design

Exercise Protocol
Time of EF Test
Administration
and Duration

EF
Task

EF Domain Results

Joyce et al. [15]
7/11

23 ± 2
(N = 10)
7M/10

Within-
subject
design

Cycling at 40%
MAP

(moderate
intensity);

exercise duration
(30 min)

The Stop-signal
task was

performed whilst
cycling after a

4-min warm-up
period and lasted

approximately
22 min.

Stop-
signal
task

Inhibitory
control

Inhibitory control
was improved
during exercise

(shorter RT without
a change in RA).

Joyce et al. [26]
7/11

23 ± 2
(N = 12)
3M/12

Within-
subject
design

Cycling at 65% of
HRmax

(moderate
intensity);

exercise duration
(30 min)

The Simon task
was performed

after 5-min
warm-up period

and lasted
approximately

23 min.

Simon
Task

Inhibitory
control

According to the
Simon effect,

inhibitory control
was unchanged
during exercise.

Komiyama
et al. [38]

6/11

21.5 ± 3.5
(N = 13)
13M/13

Within-
subject
design

Cycling at 50%
VO2max

(moderate
intensity);

exercise duration
(20 min)

The EF tasks were
started after a

5-min warm-up
period.

Spatial
DR
task;

Go/No-
Go
task

Working
memory;

inhibitory
control

The task
performance (RT)

was improved
during exercise

without sacrificing
RA.

Komiyama
et al. [39]

6/11

23.0 ± 2.3
(N = 16)
16M/16

Within-
subject
design

Cycling at heart
rate of 140
beats/min
(moderate
intensity);

exercise duration
(30 min)

Intermittent
assessment

(a total of 2 times)

Spatial
DR
task;

Go/No-
Go
task

Working
memory;

inhibitory
control

RA was not
changed in the
Spatial DR task;
RT was shorter

without sacrificing
RA in the

Go/No-Go task.

Komiyama
et al. [23]

6/11

22.1 ± 1.7
(N = 17)
17M/17

Within-
subject
design

Cycling at
50%VO2 peak
(moderate

intensity) for 8 min;
thereafter,

participants cycled
at 80% VO2 peak

(vigorous intensity)
for an additional

8 min.

Participant
performed the EF
tasks 3 min after

commencing each
workload.

Spatial
DR
task;

Go/No-
Go
task

Working
memory;

inhibitory
control

RA of the tasks was
impaired during

vigorous-intensity
exercise, whereas it

was not changed
during

moderate-intensity
exercise; RT was

not changed
during both

intensity exercises.

Lambourne
et al. [25]

7/11

21.1 ± 1.7
(N = 19)
8M/19

Within-
subject
design

Cycling at 90% VT
intensity (moderate

intensity);
exercise duration

(40 min)

Intermittent
assessment

(a total of 5 times)
PASAT Working

memory

RA of the task in
the exercise

condition did not
differ from the

control condition.

Lucas et al.
[40]
6/11

24 ± 5
(N = 13)
7M/13

Within-
subject
design

Cycling at 30%
followed by 70% of

HRR (light and
vigorous intensity);
exercise duration

(two 8-min bouts of
cycling)

The Stroop task
involved 2 blocks

of 20 trials.

Stroop
task

Inhibitory
control

RT was facilitated
during exercise.

Vigorous-intensity
exercise led to

greater
improvement
compared to

light-intensity
exercise.
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Table 1. Cont.

Study
(Authors,

Methodological
Quality)

Participants
Description

Study
Design

Exercise Protocol
Time of EF Test
Administration
and Duration

EF
Task

EF Domain Results

Martins et al.
[24]
7/11

Exp. 1
20.50 ± 0.89

(N = 24)
24M/24

Between-
subject
design

Cycling at
moderate intensity;

(short duration)

Four blocks lasting
approximately

8 min.
PASAT Working

memory

RA of the task was
improved during

moderate-intensity
exercise.

Exp. 2
19.57 ± 0.83

(N = 120)
55M/120

Mixed
Multi-

factorial
experimen-

tal
design

Cycling at light
and moderate

intensity;
(short duration)

Two blocks lasting
approximately

16 min.

Sternberg
task

Working
memory

Light and
moderate intensity
exercise lowered

the response
latency slopes,

resulting in
improved working

memory.

McMorris et al.
[41]
7/11

24.32 ± 7.10
(N = 24)
24M/24

Within-
subject
design

Cycling at 50% and
80% MAP

(moderate and
vigorous intensity);
exercise duration
(15 min or until

voluntary
exhaustion)

Intermittent
assessment

(a total of 3 times)

Flanker
task

Inhibitory
control

Vigorous-intensity
exercise impaired

RT, but
moderate-intensity

exercise did not
change the task
performance.

Ogoh et al. [42]
6/11

20.4 ± 0.6
(N = 7)
7M/7

Within-
subject
design

Cycling at heart
rate of 140
beats/min
(moderate
intensity);

exercise duration
(50 min)

Intermittent
assessment

(a total of 4 times)

Stroop
task

Inhibitory
control

RT was facilitated
during exercise

without any loss of
performance

accuracy.

Olson et al.
[43]
7/11

20.4 ± 2.0
(N = 27)
16M/27

Within-
subject
design

Cycling at 40% and
60% VO2peak (light

and moderate
intensity);

exercise duration
(31 min)

Intermittent
assessment

(a total of 3 times)

Flanker
task

Inhibitory
control

RA was impaired
during both light

and moderate
intensity exercise,

but RT was
facilitated during

moderate-intensity
exercise.

Pontifex and
Hillman [44]

7/11

20.2 ± 1.6
(N = 41)
15M/41

Within-
subject
design

Cycling at 60% of
HRmax (moderate

intensity);
exercise duration
(approximately

11 min)

The Simon task
was performed
after 5 min of

exercise, lasing for
approximately

6.5 min.

Flanker
task

Inhibitory
control

Exercise did not
affect RT but

showed a decrease
in RA for

incongruent trials,
resulting in

impaired inhibitory
control.

Schmit et al.
[45]
7/11

22.1 ± 0.6
(N = 15)
10M/15

Within-
subject
design

Cycling at 85%
MAP until
exhaustion;

exercise duration
(approximately

7 min)

Participants
performed the

Flanker task until
exhaustion.

Flanker
task

Inhibitory
control

RT was facilitated
during exercise in

the initial stage and
remained unaltered
in the final stage.

Smith et al.
[46]
7/11

28 ± 5
(N = 15)
6M/15

Within-
subject
design

Running at
moderate and high

intensity;
exercise duration

(10 min)

The EF task was
performed during
the last 2 min of

exercise.

Go/No-
Go
task

Inhibitory
control

RT was impaired
during

high-intensity
exercise, whereas it

was not changed
during

moderate-intensity
exercise.
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Table 1. Cont.

Study
(Authors,

Methodological
Quality)

Participants
Description

Study
Design

Exercise Protocol
Time of EF Test
Administration
and Duration

EF
Task

EF Domain Results

Stone et al. [19]
5/11

19.6 ± 2
(N = 13)
8M/13

Within-
subject
design

Conducted at an
exercise intensity
in an incremental

manner; the
average duration

was between
20–24 min.

The OWAT test
was administered

throughout the
entirety of the

graded exercise
test.

OWAT Cognitive
flexibility

RA was not
changed at an

intensity from 20%
to 80% HRR, where

it was impaired
from 80% to 100%

HRR.

Wang et al.
[47]
7/11

20.51 ± 1.99
(N = 80)
49M/80

Between-
subject
design

Cycling at 30%,
50%, and 80% HRR

(light, moderate,
and vigorous

intensity);
exercise duration

(30 min)

The WCST was
performed 6 min

after exercise onset.
WCST Cognitive

flexibility

Cognitive
flexibility (WCST

indices) was
impaired in the

group of vigorous
intensity, whereas
it was not changed
in groups of light

and moderate
intensity compared

to the control
group.

M, male; Exp, experiment; WCST, Wisconsin card sorting task; PASAT, paced auditory serial addition task; RNG, random number
generation; CPT, contingent continuous performance task; Spatial DR, spatial delayed response; OWAT: operator workload assessment tool;
HRR, heart rate range; MAP, maximal aerobic power; PPO, peak power output; VT, ventilatory threshold; RT, reaction time; RA, response
accuracy.

3.2. Study Quality

The methodological quality scores are presented in Table 1. The average score of
the methodological quality of the 22 studies are 6.5, with scores ranging from 5 to 7 (see
Supplementary Table S1 for details).

3.3. Study Findings

In the 22 studies, 42 outcomes are reported. Overall, 13 (31%) of these 42 outcomes
showed that EF performance was enhanced, whereas 14 (33%) indicated no change in this
outcome. Fifteen (36%) found that EF performance was impaired.

Seven of the 42 outcomes, within six studies, employed a light-intensity exercise
protocol. Among them, two outcomes demonstrated that EF was improved [24,40], three
outcomes found that exercise did not affect EF performance [19,43,47], and another two
outcomes found that EF performance was declined [36]. Twenty-four of the 42 outcomes,
within 18 studies, employed moderate-intensity exercise protocol. Eight outcomes ob-
served that EF performance was improved [15,24,38,39,42,43]. Eleven outcomes found
that EF performance during exercise remained unaltered [19,22,23,25,26,35,39,41,46,47].
Five outcomes found that EF performance was deteriorated [20,22,36,44]. Eleven of the
42 outcomes, within nine studies, employed a vigorous- to high-intensity protocol, of
which three found that EF performance was improved [37,40,45]. Eight showed that EF
performance was declined [19,21,23,41,46,47]. According to the findings, impaired EF
performance most likely occurs during vigorous- to high-intensity exercise. In contrast, the
unaltered or even facilitated outcomes of concurrent EF performance are predominantly
observed during moderate-intensity exercise. A summary of the outcomes across the
varying exercise intensities is presented in Table 2.

The exercise duration of the 22 studies ranged from 7 to 65 min. Six of the twenty-two
studies examined the temporal dynamic of EF during relatively long, steady-state exercise
(30 min or longer). Two of the six studies found that the improvement of EF performance
was greater in the terminal stage compared with earlier stages [42,43]. One study found
that the shift towards a less effortful strategy was more pronounced in the first stage of the
exercise bout than later [22], which means that inhibitory control was compromised during
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the initial stage of exercise. Another three studies showed that EF remained unaltered
during the entire steady-state exercise session [25,39,45].

Table 2. Summary of the core EF performance across the varying exercise intensities.

Intensity Facilitation No Effect Impairment

Light •• ••• ••

Moderate •••••••• ••••••••••• •••••

Vigorous-high ••• ••••••••

The three exercise intensities included: (1) light-intensity exercise (40 < 55%HRmax, 20 < 40%HRR, 20 < 40%VO2max)
vs. control, (2) moderate-intensity exercise (55 < 70%HRmax, 40 < 60%HRR, 40 < 60%VO2max) vs. control, (3)
vigorous-high intensity exercise (≥70%HRmax, ≥60%HRR, ≥60%VO2max) vs. control. Green •: inhibitory control,
Yellow •: working memory, Red •: cognitive flexibility.

Four studies examined EF at several time points (either during or after the first 20 min
relative to the onset of exercise). A study by Olson et al. [43] found a significant decline in
EF performance either during or after the first 20 min relative to exercise onset. In contrast,
one study demonstrated that EF performance was improved after the first 20 min and
remained stable during first 20 min relative to the onset of exercise [42]. This is different to
the findings of Komiyama et al. [39], who found that EF performance was facilitated both
during and after the first 20 min of exercise. In addition, Lambourne et al. [25] revealed
that the time points had no significant effect on concurrent EF performance.

Five of the 22 studies investigated cerebral oxygenation during exercise using near-
infrared spectroscopy (NIRS). One of the five studies found that EF performance was not
associated with changes in cerebral oxygenation sampled at the prefrontal cortex (PFC) [38].
Two showed that EF performance was unchanged or even improved despite a decrease
in cerebral oxygenation [40,45]. One study observed that decline in EF performance was
related to attenuated cortex oxygenation [19]. Another study revealed that improvement
in EF performance was associated with higher cerebral oxygenation, but the change of
cerebral oxygenation was not significant [39]. Four studies (two of the four studies also
used NIRS) used transcranial Doppler to assess cerebral blood flow (CBF) velocity. They
found that improvements or impairments in EF during exercise are not directly related to
alterations in CBF [23,38,40,42].

4. Discussion

4.1. Main Findings

The current study critically reviewed the evidence regarding how the concurrent
performance of core EF is affected during an acute exercise session in adults. The available
studies revealed mixed findings. Collectively, the findings of the current review indicate
that exercise intensity is a potential factor influencing the core EF performance while
simultaneously performing exercise. Improved EF performances tend to be observed
during moderate-intensity exercise, whereas impaired EF performances during exercise
were more likely to be observed at vigorous-to high-intensity.

4.2. Role of Exercise Intensity

Although the included studies depicted a picture of mixed findings, exercise intensity
seems to moderate the effects of exercise on concurrent EF performance. Most outcomes
of these studies found that EF performance during light to moderate intensity exercise
remained unchanged or even improved. With regard to the studies that employed a
vigorous- to high-intensity protocol, most of outcomes found that EF performance was
impaired. Meanwhile, most of the facilitating outcomes were observed during moderate-
intensity exercise. The findings are inconsistent with previous studies by Lambourne and
Tomporowski [28] and Chang et al. [29], who suggested that exercise intensity might not
be a crucial factor influencing the exercise–cognition relationship. The plausibility of our
findings can be partly explained by the inverted-U shape relationship between arousal
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and mental information processing [27,48,49]. Moderate-intensity exercise may lead to a
moderate level of arousal [50], thereby facilitating the EF performance during exercise.

According to the reticular-activating hypofrontality model (RAH) proposed by Di-
etrich and Audiffren [51], it is hypothesized that, within the context of cognitive and
physical demands, exercise engages arousal mechanism in the reticular-activating system
and disengages the higher-order functions of the prefrontal cortex partly due to the limited
resources. As the findings in this review found, the transient hypofrontality most likely
occurs during vigorous- to high-intensity exercise. In contrast to the inhibition predicted
by the RAH model, these findings suggest that, during moderate-intensity exercise, EF
performance can be either unchanged or even facilitated.

4.3. Role of Participants’ Physical Fitness and Exercise Mode

In addition to exercise intensity, previous studies suggest that factors such as physical
fitness level of participants and exercise mode may moderate the exercise-cognitive function
relationship. In the review by Chang et al. [29], physical fitness level was found to be a
moderator of the relationship. Positive effects were evident for high-fitness participants,
while negative effects were observed for low-fitness counterparts. Unfortunately, the
included studies of this review did not examine the potential moderating effects of physical
fitness. It is, therefore, not possible to clarify whether the effects of an acute bout of exercise
on the performance of core EF during exercise differ among participants with different
fitness levels. Most of the included studies employed a cycling protocol. It is also not
possible to clarify the moderating effects of exercise mode. However, one included study
by Dodwell et al. [37] found that the concurrent performance of working memory was
improved during running but not during cycling. Therefore, future studies may further
investigate the moderating effects of physical fitness level and exercise mode.

4.4. Time Point of the EF Task Administration

Four of the included studies examined the temporal change of EF during exercise and
the direction of EF change is mixed [25,39,42,43]. The current findings suggest that the time
point of the EF task administration did not significantly moderate the effects of concurrent
EF performance. Another two studies measured EF at 20 min following the onset of exercise
and found that EF performance was impaired [21,36]. However, these findings are in
contrast with a previous review by Lambourne and Tomporowski [28], which suggests that
improved cognitive performance occurred when measured after the first 20 min relative
to the onset of exercise. Unlike the studies by Lambourne and Tomporowski [28] and
Chang et al. [29], which reviewed acute exercise on both higher-order cognitive processes
and basic-cognitive processes, the present review focused solely on core EF. Therefore, the
inconsistent findings may be driven in part by the nature of cognitive tasks.

This systematic review also sheds light on the importance of considering EF perfor-
mance as a dynamic process during relatively long and steady-state exercise. For the study
conducted by Schmit et al. [37] aimed at investigating inhibitory control during steady-state
exercise to exhaustion, EF was measured at an initial and a terminal period of the exercise
session. They found that EF was enhanced during the first part of the exercise session,
while no sign of deficit was observed shortly before exhaustion. However, individuals’
susceptibility to making errors was increased during the terminal period. Based on those
findings, Schmit and Brisswalter [28] proposed a fatigue-based neurocognitive perspective
of EF during prolonged, steady-state exercise. From this perspective, EF performance dur-
ing exercise would be dynamic rather than steady (i.e., positively then negatively impacted
by exercise). Apart from that, Olson et al. [43] also examined temporal dynamic of EF
during steady-state exercise. EF was assessed at three different time points during the stage
of a 31-min cycle. Behavioral findings revealed impaired response accuracy, while faster
reaction time was observed at 25 min relative to earlier time points. Although the findings
are mixed, it is possible that the performance of EF are dynamic rather than steady during
steady-state exercise.
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4.5. Neural Physiological Responses

In order to elucidate the neural physiological responses, several included studies
examined the relationship between CBF or cerebral hemodynamic responses and EF perfor-
mance during exercise. CBF did not relate to the changes in EF during exercise in all of the
included studies [23,38,40,42]. One study using NIRS found that the changes in cerebral
hemodynamic responses were not directly related to the changes of EF [38]. However,
other studies found a negative or positive link between cerebral hemodynamic responses
and EF performance [19,39,40,45]. Overall, the conflicting results from NIRS studies might
be due to the different experimental protocols. Moreover, the insufficient spatial resolution
of NIRS may partly explain the inconsistent findings.

4.6. Strengths and Limitations

The findings of this systematic review have some potential practical implications,
since individuals often confront a situation wherein cognitive skills and physical activities
are simultaneously needed. It is of importance to understand how the concurrent EF
performance is modulated during exercise. Unlike other similar reviews, this study focused
solely on concurrent performance of core EF during an acute bout of exercise in adults. To
some extent, it eliminates the confounding effects from a diverse cognitive process and
helps draw a clearer picture of the concurrent performance of core EF during exercise.
However, the review must be interpreted within the context of its potential limitations.
First, the included studies employed a diversity of experimental protocols (e.g., exercise
protocol, EF test administration and duration, cognitive tasks). The diversity and lack
of relevant data make it impossible to perform a meta-analysis. Second, although the
outcomes measures consist of three core EFs in this review, the insufficient number of
studies limits the possibility of clarifying the potential domain-specific effects on core EF.
Lastly, the language of included studies was limited to English, which may lead to the
omitting of potential studies published in other languages.

4.7. Perspectives and Future Direction

Considering the findings presented in this systematic review, future studies are needed
to investigate the concurrent EF performance during exercise in individuals with different
fitness levels. It is also interesting to clarify the effects of different exercise modes (e.g.,
cycling or running) on concurrent EF performance. Furthermore, the possible temporal
dynamic of EF at different time points is worth investigating during relatively long exercise.
Although the findings tend to suggest that exercise intensity may be a potential factor to
moderate the concurrent EF performance during exercise, the underlying mechanisms and
neural responses are not clear. Future neuroimaging studies with more rigorous designs
are needed to look into the neural responses, thereby elucidating the neural mechanisms of
the observed findings.

5. Conclusions

The current review suggests mixed findings of the concurrent performance of core EF
during exercise in adults. Exercise intensity seems to be a potential factor influencing the
effects. The underlying neural mechanisms remain to be elucidated.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/brainsci11101364/s1, Table S1: Methodological quality scores.

Author Contributions: K.Z.: Conceptualization, Methodology, Validation, Formal analysis, Inves-
tigation, Data curation, Writing—original draft, Writing—review and editing, Visualization. L.Z.:
Conceptualization, Methodology, Investigation, Writing—review and editing. G.W.: Methodology,
Investigation, Writing—review and editing. T.H.: Conceptualization, Methodology, Investigation,
Writing—original draft, Writing—review and editing, Resources, Visualization, Supervision, Project
administration. All authors approved the final version. All authors have read and agreed to the
published version of the manuscript.

61



Brain Sci. 2021, 11, 1364

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are included within
the article.

Acknowledgments: Thanks to Shiyuan Li for reading the manuscript and providing feedback.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Stillman, C.M.; Esteban-Cornejo, I.; Brown, B.; Bender, C.M.; Erickson, K.I. Effects of Exercise on Brain and Cognition Across Age
Groups and Health States. Trends Neurosci. 2020, 43, 533–543. [CrossRef]

2. Ludyga, S.; Gerber, M.; Pühse, U.; Looser, V.N.; Kamijo, K. Systematic review and meta-analysis investigating moderators of
long-term effects of exercise on cognition in healthy individuals. Nat. Hum. Behav. 2020, 4, 603–612. [CrossRef]

3. Hillman, C.H.; Erickson, K.I.; Kramer, A. Be smart, exercise your heart: Exercise effects on brain and cognition. Nat. Rev. Neurosci.

2008, 9, 58–65. [CrossRef]
4. Kramer, A.; Erickson, K.I. Capitalizing on cortical plasticity: Influence of physical activity on cognition and brain function. Trends

Cogn. Sci. 2007, 11, 342–348. [CrossRef]
5. Chaddock, L.; Pontifex, M.; Hillman, C.; Kramer, A.F. A Review of the Relation of Aerobic Fitness and Physical Activity to Brain

Structure and Function in Children. J. Int. Neuropsychol. Soc. 2011, 17, 975–985. [CrossRef] [PubMed]
6. Diamond, A. Executive functions. Annu. Rev. Psychol. 2013, 64, 135–168. [CrossRef] [PubMed]
7. Magalhães, S.; Carneiro, L.; Limpo, T.; Filipe, M. Executive functions predict literacy and mathematics achievements: The unique

contribution of cognitive flexibility in grades 2, 4, and 6. Child Neuropsychol. 2020, 26, 934–952. [CrossRef] [PubMed]
8. Lin, J.; Wang, K.; Chen, Z.; Fan, X.; Shen, L.; Wang, Y.; Yang, Y.; Huang, T. Associations Between Objectively Measured Physical

Activity and Executive Functioning in Young Adults. Percept. Mot. Ski. 2017, 125, 278–288. [CrossRef] [PubMed]
9. Cox, E.P.; O’Dwyer, N.; Cook, R.; Vetter, M.; Cheng, H.L.; Rooney, K.; O’Connor, H. Relationship between physical activity and

cognitive function in apparently healthy young to middle-aged adults: A systematic review. J. Sci. Med. Sport 2016, 19, 616–628.
[CrossRef]

10. Huang, T.; Tarp, J.; Domazet, S.L.; Thorsen, A.K.; Froberg, K.; Andersen, L.B.; Bugge, A. Associations of Adiposity and Aerobic
Fitness with Executive Function and Math Performance in Danish Adolescents. J. Pediatr. 2015, 167, 810–815. [CrossRef]

11. Lautenschlager, N.T.; Cox, K.L.; Flicker, L.; Foster, J.K.; Van Bockxmeer, F.M.; Xiao, J.; Greenop, K.R.; Almeida, O.P. Effect of
physical activity on cognitive function in older adults at risk for Alzheimer disease—A randomized trial. JAMA 2008, 300,
1027–1037. [CrossRef]

12. Xue, Y.; Yang, Y.; Huang, T. Effects of chronic exercise interventions on executive function among children and adolescents: A
systematic review with meta-analysis. Br. J. Sports Med. 2019, 53, 1397–1404. [CrossRef] [PubMed]

13. Moreau, D.; Chou, E. The Acute Effect of High-Intensity Exercise on Executive Function: A Meta-Analysis. Perspect. Psychol. Sci.

2019, 14, 734–764. [CrossRef] [PubMed]
14. Ludyga, S.; Gerber, M.; Brand, S.; Holsboer-Trachsler, E.; Pühse, U. Acute effects of moderate aerobic exercise on specific aspects

of executive function in different age and fitness groups: A meta-analysis. Psychophysiology 2016, 53, 1611–1626. [CrossRef]
[PubMed]

15. Joyce, J.; Graydon, J.; McMorris, T.; Davranche, K. The time course effect of moderate intensity exercise on response execution
and response inhibition. Brain Cogn. 2009, 71, 14–19. [CrossRef] [PubMed]

16. Agbangla, N.F.; Maillot, P.; Vitiello, D. Mini-Review of Studies Testing the Cardiorespiratory Hypothesis With Near-Infrared
Spectroscopy (NIRS): Overview and Perspectives. Front. Neurosci. 2021, 15, 699948. [CrossRef] [PubMed]

17. Dustman, R.E.; Ruhling, R.O.; Russell, E.M.; Shearer, D.E.; Bonekat, H.; Shigeoka, J.W.; Wood, J.S.; Bradford, D.C. Aerobic exercise
training and improved neuropsychological function of older individuals. Neurobiol. Aging 1984, 5, 35–42. [CrossRef]

18. Davranche, K.; Audiffren, M. Facilitating effects of exercise on information processing. J. Sports Sci. 2004, 22, 419–428. [CrossRef]
19. Stone, B.L.; Beneda-Bender, M.; Mccollum, D.L.; Sun, J.; Shelley, J.H.; Ashley, J.D.; Fuenzalida, E.; Kellawan, J.M. Understanding

cognitive performance during exercise in Reserve Officers’ Training Corps: Establishing the executive function-exercise intensity
relationship. J. Appl. Physiol. 2020, 129, 846–854. [CrossRef]

20. Davranche, K.; McMorris, T. Specific effects of acute moderate exercise on cognitive control. Brain Cogn. 2009, 69, 565–570.
[CrossRef]

21. Dietrich, A.; Sparling, P.B. Endurance exercise selectively impairs prefrontal-dependent cognition. Brain Cogn. 2004, 55, 516–524.
[CrossRef]

22. Audiffren, M.; Tomporowski, P.D.; Zagrodnik, J. Acute aerobic exercise and information processing: Modulation of executive
control in a Random Number Generation task. Acta Psychol. 2009, 132, 85–95. [CrossRef]

62



Brain Sci. 2021, 11, 1364

23. Komiyama, T.; Tanoue, Y.; Sudo, M.; Costello, J.T.; Uehara, Y.; Higaki, Y.; Ando, S. Cognitive Impairment during High-Intensity
Exercise: Influence of Cerebral Blood Flow. Med. Sci. Sports Exerc. 2019, 52, 561–568. [CrossRef]

24. Martins, A.Q.; Kavussanu, M.; Willoughby, A.; Ring, C. Moderate intensity exercise facilitates working memory. Psychol. Sport

Exerc. 2013, 14, 323–328. [CrossRef]
25. Lambourne, K.; Audiffren, M.; Tomporowski, P.D. Effects of Acute Exercise on Sensory and Executive Processing Tasks. Med. Sci.

Sports Exerc. 2010, 42, 1396–1402. [CrossRef] [PubMed]
26. Joyce, J.; Smyth, P.J.; Donnelly, A.E.; Davranche, K. The Simon Task and Aging: Does Acute Moderate Exercise Influence Cognitive

Control? Med. Sci. Sport Exerc. 2014, 46, 630–639. [CrossRef] [PubMed]
27. Tomporowski, P.D. Effects of acute bouts of exercise on cognition. Acta Psychol. 2002, 112, 297–324. [CrossRef]
28. Lambourne, K.; Tomporowski, P. The effect of exercise-induced arousal on cognitive task performance: A meta-regression

analysis. Brain Res. 2010, 1341, 12–24. [CrossRef] [PubMed]
29. Chang, Y.; Labban, J.; Gapin, J.; Etnier, J. The effects of acute exercise on cognitive performance: A meta-analysis. Brain Res. 2012,

1453, 87–101. [CrossRef] [PubMed]
30. Schmit, C.; Brisswalter, J. Executive functioning during prolonged exercise: A fatigue-based neurocognitive perspective. Int. Rev.

Sport Exerc. Psychol. 2018, 13, 21–39. [CrossRef]
31. Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G.; Grp, P. Preferred Reporting Items for Systematic Reviews and Me-ta-Analyses:

The PRISMA Statement. PLoS Med. 2009, 89, 873–880.
32. Elkins, M.R.; Moseley, A.M.; Sherrington, C.; Herbert, R.D.; Maher, C.G. Growth in the Physiotherapy Evidence Database (PEDro)

and use of the PEDro scale. Br. J. Sports Med. 2012, 47, 188–189. [CrossRef] [PubMed]
33. PEDro Scale. Available online: https://pedro.org.au/english/resources/pedro-scale/ (accessed on 1 March 2021).
34. Norton, K.; Norton, L.; Sadgrove, D. Position statement on physical activity and exercise intensity terminology. J. Sci. Med. Sport

2010, 13, 496–502. [CrossRef]
35. Davranche, K.; Hall, B.; McMorris, T. Effect of Acute Exercise on Cognitive Control Required during an Eriksen Flanker Task. J.

Sport Exerc. Psychol. 2009, 31, 628–639. [CrossRef] [PubMed]
36. Del Giorno, J.M.; Hall, E.E.; O’Leary, K.C.; Bixby, W.R.; Miller, P.C. Cognitive function during acute exercise: A test of the transient

hypofrontality theory. J. Sport Exerc. Psychol. 2010, 32, 312–323. [CrossRef]
37. Dodwell, G.; Müller, H.J.; Töllner, T. Electroencephalographic evidence for improved visual working memory performance

during standing and exercise. Br. J. Psychol. 2018, 110, 400–427. [CrossRef] [PubMed]
38. Komiyama, T.; Katayama, K.; Sudo, M.; Ishida, K.; Higaki, Y.; Ando, S. Cognitive function during exercise under severe hypoxia.

Sci. Rep. 2017, 7, 10000. [CrossRef]
39. Komiyama, T.; Sudo, M.; Higaki, Y.; Kiyonaga, A.; Tanaka, H.; Ando, S. Does moderate hypoxia alter working memory and

executive function during prolonged exercise? Physiol. Behav. 2015, 139, 290–296. [CrossRef]
40. Lucas, S.J.; Ainslie, P.N.; Murrell, C.J.; Thomas, K.N.; Franz, E.A.; Cotter, J.D. Effect of age on exercise-induced alterations in

cognitive executive function: Relationship to cerebral perfusion. Exp. Gerontol. 2012, 47, 541–551. [CrossRef]
41. McMorris, T.; Davranche, K.; Jones, G.; Hall, B.; Corbett, J.; Minter, C. Acute incremental exercise, performance of a central

executive task, and sympathoadrenal system and hypothalamic-pituitary-adrenal axis activity. Int. J. Psychophysiol. 2009, 73,
334–340. [CrossRef]

42. Ogoh, S.; Tsukamoto, H.; Hirasawa, A.; Hasegawa, H.; Hirose, N.; Hashimoto, T. The effect of changes in cerebral blood flow on
cognitive function during exercise. Physiol. Rep. 2014, 2, e12163. [CrossRef]

43. Olson, R.; Chang, Y.-K.; Brush, C.J.; Kwok, A.N.; Gordon, V.X.; Alderman, B.L. Neurophysiological and behavioral correlates of
cognitive control during low and moderate intensity exercise. NeuroImage 2016, 131, 171–180. [CrossRef] [PubMed]

44. Pontifex, M.; Hillman, C.H. Neuroelectric and behavioral indices of interference control during acute cycling. Clin. Neurophysiol.

2007, 118, 570–580. [CrossRef] [PubMed]
45. Schmit, C.; Davranche, K.; Easthope, C.S.; Colson, S.S.; Brisswalter, J.; Radel, R. Pushing to the limits: The dynamics of cognitive

control during exhausting exercise. Neuropsychologia 2015, 68, 71–81. [CrossRef] [PubMed]
46. Smith, M.; Tallis, J.; Miller, A.; Clarke, N.; Guimarães-Ferreira, L.; Duncan, M. The effect of exercise intensity on cognitive

performance during short duration treadmill running. J. Hum. Kinet. 2016, 51, 27–35. [CrossRef] [PubMed]
47. Wang, C.-C.; Chu, C.-H.; Chu, I.-H.; Chan, K.-H.; Chang, Y.-K. Executive function during acute exercise: The role of exercise

intensity. J. Sport Exerc. Psychol. 2013, 35, 358–367. [CrossRef] [PubMed]
48. Brisswalter, J.; Collardeau, M.; René, A. Effects of Acute Physical Exercise Characteristics on Cognitive Performance. Sports Med.

2002, 32, 555–566. [CrossRef]
49. Davey, C. Physical exertion and mental performance. Appl. Ergon. 1974, 5, 171. [CrossRef]
50. Kamijo, K.; Nishihira, Y.; Hatta, A.; Kaneda, T.; Kida, T.; Higashiura, T.; Kuroiwa, K. Changes in arousal level by differential

exercise intensity. Clin. Neurophysiol. 2004, 115, 2693–2698. [CrossRef] [PubMed]
51. Dietrich, A.; Audiffren, M. The reticular-activating hypofrontality (RAH) model of acute exercise. Neurosci. Biobehav. Rev. 2011,

35, 1305–1325. [CrossRef]

63





brain
sciences

Systematic Review

Depressive Symptoms and Burnout in Football Players:
A Systematic Review

Hugo Sarmento 1,2,* , Roberta Frontini 2 , Adilson Marques 3 , Miguel Peralta 3 , Nestor Ordoñez-Saavedra 4 ,

João Pedro Duarte 1,2 , António Figueiredo 1,2 , Maria João Campos 1,2 and Filipe Manuel Clemente 5

Citation: Sarmento, H.; Frontini, R.;

Marques, A.; Peralta, M.;

Ordoñez-Saavedra, N.; Duarte, J.P.;

Figueiredo, A.; Campos, M.J.;

Clemente, F.M. Depressive Symptoms

and Burnout in Football Players: A

Systematic Review. Brain Sci. 2021, 11,

1351. https://doi.org/10.3390/

brainsci11101351

Academic Editor: Mario Luciano

Received: 4 August 2021

Accepted: 12 October 2021

Published: 14 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 University of Coimbra, Research Unit for Sport and Physical Activity, Faculty of Sport Sciences and Physical
Education, 3040-256 Coimbra, Portugal; joaopedromarquesduarte@gmail.com (J.P.D.);
afigueiredo@fcdef.uc.pt (A.F.); mjcampos@fcdef.uc.pt (M.J.C.)

2 Center for Innovative Care and Health Technology, Polytechnic of Leiria, 2411-901 Leiria, Portugal;
roberta_frontini@hotmail.com

3 CIPER, Faculdade de Motricidade Humana, Universidade de Lisboa, 1499-002 Lisbon, Portugal;
adncmpt@gmail.com (A.M.); miguel.peralta14@gmail.com (M.P.)

4 Faculty of Health Sciences, Sports Science Program, University of Applied and Environmental Sciences,
Bogota 111166, Colombia; sportnestor@gmail.com

5 Escola Superior Desporto e Lazer, Instituto Politécnico de Viana do Castelo,
4960-320 Viana do Castelo, Portugal; filipe.clemente5@gmail.com

* Correspondence: hugo.sarmento@uc.pt

Abstract: The purpose of this article was to systematically review and organise the available literature
devoted to the topic of depressive symptoms and burnout in football players. A systematic search was
conducted in Web of Science, Scopus, SPORTdiscus, PubMed, and Psychinfo for articles published
up to June 2020. The searches yielded 1589 articles, and after the screening process, a total of
18 studies met the eligibility criteria and were included for review. Playing position and conflicts
with coach/management seems to have a direct influence on the prevalence of depressive symptoms
in current players as do the injuries and life events of former players. During the pre-competition
phase, most of the athletes displayed reduced rates, indicating burnout. An exploration of the mental
health of football players will help to create models of care and guide professionals so that they may
help players achieve better performance while also having better wellbeing. Understanding how to
prevent and cope with the emotional wellbeing of football players will be possible to guide players
and coaches.

Keywords: soccer; sports; depressive symptoms; mental health

1. Introduction

Football is one of the world’s most popular sports. Millions of amateur and profes-
sional players are involved. For a player to become an elite performer, they need to have
exceptional skills and abilities involving the investment of large amounts of time, effort,
and dedication [1].

Football is linked to a multitude of different emotions, some of them experienced very
markedly both by fans and players. Hence, there has recently been an interest in under-
standing the impact of the game on the physical and mental health of fans and players [2].

This is particularly important considering that football puts intense mental pressure
on the players, which may increase their susceptibility to certain mental health prob-
lems [3]. Losing a game may result in distress, disappointment, sadness [2] and, ultimately,
depressive symptoms or even burnout.

Depression is a disturbance of mood characterized by constant feelings of sadness,
hopelessness, despair, and a loss of interest in formerly appreciated activities [4]. It may be
accompanied by a lack of any desire to move and, thus, with reduced physical activity [5]. A
symptom can be defined as the “patient’s perception of an abnormal physical, emotional, or
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cognitive state” [6] and the depressive symptoms can vary from mild to severe (e.g., feeling
sad, changes in appetite, trouble sleeping, loss of energy, feeling worthless or guilty, etc.).
According to the Diagnostic and Statistical Manual (DSM) of Mental Disorders (DSM-5),
there are several depressive disorders which are characterized by the occurrence of a
sad, empty, or irritable mood, and both somatic and cognitive fluctuations that, for the
purpose of diagnosis, must significantly affect the individual’s capacity to function [7].
Worldwide, nearly 98.7 million people suffer from depression [4]. Past literature has found
that elite sportspeople, such as football players, may present higher levels of depression
compared to the general population [8,9]. However, there is little empirical data regarding
the mechanisms of depression in football athletes. [10].

The cause of depression and the appearance of depressive symptoms are not fully
understood. Apart from biological and genetic predisposition [9], several possible psycho-
logical reasons could trigger a previous susceptibility. For footballers, these reasons could
include the intense mental demands and the enormous pressure of this particular sport [11],
the higher standards of performance, the responsibility of being part of a team, or the fact
that, usually, players spend much time away from family and friends [9]. Staying away
from home may increase feelings of loneliness and lack of social support which, ultimately,
can be related to depressive symptoms [12]. Injuries may also be frequent in elite athletes,
and can also play an important role in depression [9]. One must also consider the impact of
negative media content [13]. Thus, understanding depression in athletes is crucial not only
because of personal suffering, which sometimes leads to desperate acts such as suicide [9],
but also because depression is linked to more non-adherence and more dropouts in sport
and physical exercise [5].

Burnout is a state of mental, emotional, and physical exhaustion due to a constant
commitment to ambitious goals [14]. It has been studied extensively in sports, specifically
considering that intensive training has been related to higher levels of burnout [15]. How-
ever, burnout has been linked not only to injuries but also to low perceptions of ability in
athletes [16]. Thus, higher levels of training, constant injuries and not feeling up to the
challenge [15], as well as an inability to get the physical and mental recovery needed may
lead to burnout [17].

Whereas burnout and depression share several common features, such as loss of
interest, loss of energy or fatigue [7], there has been some discussion whether they are
different constructs [18]. Research has found a positive correlation between burnout and
depression [19]. This is one of the reasons why most prevention programs with elite athletes
focus both on depression and burnout [10]. Although they are usually studied together,
recent research recognizes they are distinct concepts [18]. However, the relationship
between the two is usually acknowledged and depression in elite athletes seems to be
related to several sport-specific mechanisms such as significant stress [20]. In recent years,
several studies attempted to better understand the possibly of a biological signature for
burnout considering the global research on burnout-depression overlap [21]. Several other
studies searched for the psychological mechanisms underlying burnout and depression,
suggesting the importance of personality and the importance of the environment where
the person is situated [22].

It is also worth mentioning that both athlete burnout and depression are often con-
ceptualized in a stress-based model [10]. In fact, burnout has often been considered as
part of depression [23]. It is also important to note that there are no diagnostic criteria to
identify and diagnose burnout [24]. Considering the clear association between these two
constructs [18], the fact that many football athletes suffer from both burnout and depression
and the fact that mechanisms underlying the two variables are not yet understood [10],
these two variables should be studied together whenever possible, which may help to
clarify the association between the two. Although there have been important systematic
reviews regarding the physical health of football players, little research has been devoted
to their mental health [25]. Therefore, this review aimed to systematically review and
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organize the available literature dedicated to the topic of depression and burnout among
football players.

2. Materials and Methods

This systematic review was conducted according to PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-analyses) guidelines [26]. The study is registered
in the International Prospective Register of Systematic Reviews (INPLASY ID 202080074)
and DOI number is 10.37766/inplasy2020.8.0074.

2.1. Search Strategy: Databases and Eligibility Criteria

A systematic review strategy was conducted according to PRISMA guidelines [26].
Electronic databases (Web of Science, Scopus, SPORTdiscus, PubMed, and Psychinfo) were
searched (5 October 2021) for relevant publications before and up to 30 June 2020. A research
strategy was performed through Mesh terms obtained at the MeSH Database, leading to
the following search strings used (depress* OR “depressive disorder*” OR “depressive
symptom*” OR burnout OR “mental health” OR “emotional” OR “emotional depression*”)
AND (Soccer OR football). The publications included met the following criteria: (1) to be
performed with adult male/female amateur/professional players; (2) contained relevant
data concerning depression and/or burnout; and (3) produced relevant data concerning
prevalence, treatment, diagnosis, of depression/burnout. Studies were excluded if: (1) they
were written in a language other than English; (2) they were editorials, review articles,
conference abstracts, books, or book chapters; and (3) they were not subject to peer review.
Two reviewers (RF and FC) then independently screened the titles and abstracts of all
retrieved studies and determined the eligibility of the potentially relevant full-text articles.
If the decision of eligibility was not unanimous, a third reviewer was consulted (HS) to
evaluate the identified articles and to reaching a final consensus on inclusion.

2.2. Extraction of Data

A data extraction sheet, adapted from the Cochrane Consumers and Communication
Review Group’s data extraction template [27], was used to assess inclusion requirements,
and was subsequently tested on ten randomly selected studies (i.e., pilot testing). Similar to
what was reported above, this process was conducted by two independent reviewers (RF,
FC). Any disagreement regarding study eligibility was resolved by a third reviewer (HS).
The data extracted from the eligible studies was grouped into three categories: (1) general
study descriptors (e.g., authors, year of publication and study design); (2) description of
the study population (e.g., sample size, age, gender, country, and competitive level), and
(3) data concerning the qualitative synthesis (e.g., outcomes, instruments used to evaluate
the symptoms, and main results).

2.3. Methodological Quality

An appraisal tool to assess the quality of cross-sectional studies (AXIS) was used
to classify the methodological quality of the articles [28]. Additionally, the critical ap-
praisal skills programme checklists were used according to the study design, namely the
checklist for: (1) Randomised Controlled Trials; (2) Cohort Studies; and (3) Qualitative
studies (http://www.casp-uk.net/ accessed on 15 September 2021).

All the articles related to burnout were cross-sectional. Of the 11 articles related
to depression, seven were cross-sectional. The scale includes 20 items, in which one is
related to the introduction, 10 are related to methods, five are related to results, two are
related to discussion, and two consider other factors. Two of the authors (FMC and HS)
independently screened and rated the included full articles. The agreement of both authors
was tested using the k agreement rate. The Cohen’s kappa coefficient (k) was executed and
revealed a k agreement of k = 0.94.
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3. Results

3.1. Study Identification and Selection

The searching of databases identified an initial 2730 titles. These studies were then
exported to reference manager software (EndNoteTM X9, Clarivate Analytics, Philadelphia,
PA, USA). Duplicates (1388 references) were subsequently removed either automatically
or manually. The remaining 1342 articles were screened for their relevance based on
titles and abstracts, resulting in the removal of a further 1157 studies. The full texts of
the remaining 185 articles were examined diligently. After reading full texts, a further
167 studies were excluded owing to several reasons including a lack of relevance to the
research topic (n = 121), the fact that they were conference abstracts (n = 27), they presented
data from other sports (n = 14), and they were written in languages other than English
(n = 5). Following this trimming, 18 articles were accepted for the systematic review
(Figure 1).

Figure 1. PRISMA flow diagram highlighting the selection process for the studies included in the
current systematic review.

3.2. Quality Assessment

The results of the methodological assessment can be found in Table 1. The overall
methodological quality of the studies included in this review, demonstrates that a set of
components exists that should be improved in future studies. Approximately 78% of the
studies don’t justify the sample size. In 50% of the reviewed papers, measures were not
taken to categorise non-responders. Additionally, most of the papers fail in providing
information about non-responders.

3.3. General Description of the Studies

The characterization of the included studies can be found in Table 2. Among the included
studies related to depression and depressive symptoms (n = 11), four of them included former
players, three included youth players, five included elite/professional players, and two of
them included amateur players. Seven of the studies exclusively analysed men, two included
both men and women, and two analysed women only. Considering the studies on depression
and depressive symptoms, the majority assumed a cross-sectional design (n = 7). Considering
the studies on burnout (n = 7), five of them were focused on elite or professionals and two
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on youth players. All of the studies (n = 7) on burnout were conducted on men and had a
cross-sectional study design.

Table 1. Quality assessment of individual studies.

Study 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Depression/Depressive symptoms

Norouzi et al. [29] Y Y Y N N N Y Y Y Y Y Y Y – – – – – – –
Junge and Prinz [30] Y Y N Y Y Y N Y Y Y Y Y N N Y Y Y N N Y

Smith et al. [31] Y Y Y Y N N Y Y Y Y Y Y Y Y – – – – – –
Olmedilla et al. [32] Y Y N Y Y Y N Y Y Y Y Y N N Y Y Y Y N N

Jensen et al. [33] Y Y N Y Y Y N Y Y Y Y Y N N Y Y Y Y N N
Wood et al. [34] Y Y Y Y Y Y Y Y Y Y – – – – – – – – – –

Van Ramele et al. [35] Y Y Y Y N N Y Y Y Y Y Y Y Y – – – – – –
Sanders and Stevinson [36] Y Y N Y Y Y N Y Y Y Y Y N N Y Y Y Y N Y

Prinz et al. [37] Y Y N Y Y Y N Y Y Y Y Y N N Y Y Y Y N Y
Junge and

Feddermann-Demont [38] Y Y Y Y Y Y Y Y Y Y Y Y N Y Y Y Y N N Y

Gouttebarge et al. [39] Y Y Y Y Y Y Y Y Y Y Y Y N N Y Y Y Y N Y

Burnout

Yildiz [40] Y Y N Y Y Y Y Y Y Y Y Y N N Y Y Y Y N N
Verardi et al. [41] Y Y N Y Y Y N N Y Y Y Y N N Y Y Y N N Y

Hill [42] Y Y N Y Y Y Y N Y Y Y Y Y Y Y Y Y Y N Y
Curran et al. [43] Y Y N Y Y Y Y Y Y Y Y Y N N Y Y Y Y N Y
Tabei et al. [44] Y Y Y Y Y Y Y Y Y Y Y Y N N Y Y Y Y N Y

Yildiz [45] Y Y N Y Y Y Y Y Y Y Y Y Y N Y Y Y N N N
Curran et al. [46] Y Y N Y Y Y Y Y Y Y Y Y Y N Y Y Y Y N Y

Abbreviation: Y, yes; N, no.

Table 2. Characterization of the included studies.

Study TS N CL Sex Age
Years of

Experience
Country

Depression/Depressive symptoms

Norouzi et al., 2020 [29] RCT 40 Retired Men 34.1 ± 1.7 N.R. Iran
Junge and Prinz,

2019 [30] CS 290 Elite and
amateur Women <20 to >26 N.R. Germany

Smith et al., 2018 [31] Cohort 108 Youth Men 16.2 ± 1.8 3.65 United
Kingdom

Olmedilla et al.,
2018 [32] CS 187 Amateur

levels
Men and
women 22.1 ± 4.7 N.R. Spain

Jensen et al., 2018 [33] CS 323 Junior and
professional Men 22.1 ± 5.2 N.R.

Denmark
and

Sweden
Wood et al., 2017 [34] DQ 7 Professional Men NR N.R. England

Van Ramele et al.,
2017 [35] Cohort 194 Retired Men 35 12 * International

Sanders and Stevinson,
2017 [36] CS 307 Retired Men 46.8 ± 15.7 6.7 * United

Kingdom
Prinz et al., 2016 [37] CS 157 Elite Women 33.0 ± 6.25 N.R. Germany

Junge and
Feddermann-Demont,

2016 [38]
CS 471 Elite and

youth
Men and
women

League men: 24.8 ± 2.3; U-21 men:
18.4 ± 1.2; League women: 21.0 ± 3.8 N.R. Switzerland

Gouttebarge et al.,
2015 [39] CS 253 Current and

retired Men Current: 27 ± 5; Retired: 36 ± 5 9 and 12 * International

Burnout

Yildiz, 2015 [40] CS 102 Professional Men 25.55 6.72 * Turkey

Verardi et al., 2015 [41] CS 134 Professional
and amateur Men 22.8 ± 4.0 and 17.1 ± 0.8 NR Brazil

Hill, 2013 [42] CS 171 Elite Men 16.17 ± 1.57 4.35 England
Curran, et al., 2013 [43] CS 173 Elite Men 15.46 ±1.47 9.45 England

Tabei, et al., 2012 [44] CC 98 Youth Men 20.25 ± 1.20 13.22 England
and Japan

Yildiz, 2011 [45] CS 150 Elite Men 25.7 ± 4.40 7.07 Turkey
Curran, et al., 2011 [46] CS 149 Youth Men 16.2 ± 2.00 9.1 England

Abbreviation: TS, Type of study; N, number of participants; CL, Competitive level; RCT, randomized clinical trial; CS, cross-sectional; DQ,
descriptive qualitative; NR, non-reported; *: professional years. U-: under.
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3.3.1. Depression and Depressive Symptoms

The qualitative synthesis of the studies related to depression and depressive symptoms
can be found in Table 3. A description of the prevalence of depressive symptoms was the
purpose most commonly observed among the studies (n = 6). An establishment of the
relationship between depression and depressive symptoms and factors that contribute to
the occurrence of symptoms was also recurrent among the studies (n = 3). One study tested
the effect of a controlled intervention to reduce depressive symptoms. Considering the
instruments to assess the main outcome, the Center of Epidemiologic Studies Depression
Scale was the most used (n = 5), followed by the 12-item General Health Questionnaire
(n = 2).

Table 3. A qualitative synthesis of the studies related to depression and depressive symptoms.

Study Aim Outcomes Instrument Main Results

Norouzi et al., 2020 [29]

Test the efficacy of a
mindfulness-based stress

reduction program on
depression symptoms

Depressive symptoms Montgomery-Åsberg
Depression Rating Scale

Depressive symptoms significantly
decreased after an intervention (22.9 to
9.4 points) and the values in follow-up
also remain low (12.4 points). The
intervention group had significant
benefits compared to the active control
group.

Junge and Prinz, 2019 [30]
Describe the prevalence

and risk factors of
depression

Depressive symptoms Center of Epidemiologic
Studies Depression Scale

The prevalence of depressive symptoms
was 31% among the participants.
Additionally, 14% of the players revealed
severe symptoms of depression. Despite
16% declared the need for clinical
support, only 1/3 have reported that are
under treatment or counselling.

Smith et al., 2018 [31]
Test relationships between

depressive symptoms,
burnout, and perfectionism

Depressive symptoms Center of Epidemiologic
Studies Depression Scale

Socially prescribed perfectionism did not
predict depressive symptoms. However,
depressive symptoms did predict an
increase in socially prescribed
perfectionism over time.

Olmedilla et al., 2018 [32] Analyse the post-injury
impact on depression Depressive symptoms Depression, Anxiety and

Stress Scale—21 Items

No significant differences were found
between sexes. Depression symptoms
were not significantly different between
injured and non-injured players.

Jensen et al., 2018 [33]
Analyse the relationship

between perfectionism and
depressive symptoms

Depressive symptoms Center of Epidemiologic
Studies Depression Scale

A prevalence of 16.7% was found among
the participants. Depression was not
correlated with age. However,
significantly greater values of depression
were found in youth than in
professionals.

Wood et al., 2017 [34]
Describe the lived

experiences of mental
health difficulties

* *
Survival terms emerged from the
interviews. Injury and transition were
related to mental health difficulties.

Van Ramele et al., 2017 [35]
Analyse the incidence of

anxiety/depressive
symptoms

Depressive symptoms 12-item General Health
Questionnaire

Common mental disorders ranged
between 11 and 29% during 12-month.
Players with life events showed a higher
risk of experiencing mental disorders.

Sanders and Stevinson,
2017 [36]

Analyse the relationships
between career-ending

injury, chronic pain, athletic
identity and depressive

symptoms

Depressive symptoms
Short

Depression-Happiness
Scale

Retired players with depressive
symptoms were more likely to cite injury
as retirement reasons. The injury was the
greater determinant to explain the
depressive symptoms in retired players.
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Table 3. Cont.

Study Aim Outcomes Instrument Main Results

Prinz et al., 2016 [37]
Analyse depressive

symptoms during and after
career

Depressive symptoms
Modified Centre of

Epidemiologic Studies
Depression Scale

Almost 1/3 of the participants had
symptoms of major depression at least
once during their career. Average
depression scores were different
between playing positions and levels
of play. Conflicts with
coach/management were frequently
stated as a reason for lows in mood.

Junge and
Feddermann-Demont, 2016 [38]

Analyse the prevalence of
depression Depressive symptoms Centre of Epidemiologic

Studies Depression Scale

Players had a similar prevalence of
depressive symptoms to the general
population, despite under-21 reported
higher prevalence. Symptoms of severe
depression were identified in an
average of a player per team. Age, sex,
playing position, level of play, and a
current injury resulted in significant
differences in depressive symptoms.

Gouttebarge et al., 2015 [39] Analyse the prevalence of
anxiety/depression

Anxiety/depressive
symptoms

12-item General Health
Questionnaire

The prevalence of mental health
problems achieved 26 and 39% for
current and former players,
respectively. The low social support
and recent live events were cited as
main reasons to justify the mental
health problems.

* qualitative methodology (interview).

The prevalence of depressive symptoms found in male and female players as well as
in current and former players assumes an important relevance for public health [26–28].
Playing position [28,29], and conflicts with coach/management [27] seems to have a direct
influence on the prevalence of depressive symptoms in current players, along with injury
episodes [30] or live events [28,31] in former players. Mindfulness-based stress reduction
programs seem to have a positive effect on retired players [32].

Since terminology is important in the studies developed in this context, Table 4
summarizes the terms adopted by the authors in different studies as well the measures
scales used (Table 4).

Table 4. Definitions used in the depression variable and evaluation instrument tools.

Study Depression Variable Measurement

Norouzi et al. [29]

- The authors define the variable as “depressive
symptoms”. However, during the paper, they
also use the term depression.

- The sum scores can be interpreted as follows
(Ahmadpanah et al., 2016): 0–6 points: no
depression; 7–19 points: mild depression; 20–34
points: moderate depression; >34 points: severe
depression.

- Montgomery-Åsberg Depression Rating
Scale (MADRS)

Junge and Prinz [30]

- The authors define the variable as “depressive
symptoms”. However, during the paper, they
also use the term depression.

- The questionnaire also included questions on
frequency of intake of medication for depression.

- The Center for Epidemiologic Studies
Depression Scale (CES-D)

Smith et al. [31]
- The authors define the variable as “depressive

symptoms”. However, during the paper, they
also use the term depression.

- The Center for Epidemiologic Studies
Depression Scale (CES-D)

Olmedilla et al. [32] - Depression - DASS-21
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Table 4. Cont.

Study Depression Variable Measurement

Jensen et al. [33]

- The authors define the variable as
“depressive symptoms”. However, during
the paper, they also use the term
depression.

- A cutoff score of 16 to define a clinical,
significant level of depression was used.

- The Center for Epidemiologic
Studies Depression Scale (CES-D)

Wood et al. [34] - Depression
- Qualitative research design using

interpretative phenomenological
- analysis (IPA)

Van Ramele et al. [35] - Depression - General Health Questionnaire
(GHQ-12)

Sanders and Stevinson [36]

- The authors define the variable as
“depressive symptoms”.

- Total possible scores range from 0 to 18,
with lower scores indicating greater
depression.

- Short Depression-Happiness Scale
(SDHS; Joseph, Linley, Harwood,
Lewis, & McCollam, 2004).

Prinz et al. [37]
- Severity of depression symptoms
- Depression

- The Center for Epidemiologic
Studies Depression Scale (CES-D)

- PHQ-2

Junge and
Feddermann-Demont [38]

- The authors define the variable as
“depressive symptoms”.

- The Center for Epidemiologic
Studies Depression Scale (CES-D)

Gouttebarge et al. [39] - Depression - General Health Questionnaire

3.3.2. Burnout

The analysis of burnout in football players has been on the agenda of sport scientists
in the last decade (Table 5). All of the studies reviewed are developed in the context of male
football, integrating both senior and youth levels as well as the amateur versus professional
context. The Athlete Burnout Questionnaire has been used extensively in this context. Only
one study used a different scale to analyse burnout symptoms [45]. In general, the reviewed
studies always sought to establish relationships between burnout and other moderating
variables (e.g., perfectionism, bullying, psychological need satisfaction, organizational
stressors, self-determined motivation, and leader-member exchange).
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Table 5. A qualitative synthesis of the studies related to burnout.

Study Aim Outcomes Instrument Main Results

Yildiz, 2015 [40]
Analyse the effect of

burnout and bullying
in professional players.

Burnout symptoms Athlete Burnout
Questionnaire (ABQ)

Bullying had the strongest
and statistically significant

direct influence on three
dimensions of burnout. (1)

reduced sense of
accomplishment, (2)
emotional/physical
exhaustion, and (3)

devaluation.

Verardi et al.,
2015 [41]

Identify and interpret
the occurrence of

symptoms associated
with burnout syndrome

during the
pre-competition.

Burnout symptoms Athlete Burnout
Questionnaire (ABQ)

The incidence, and
consequently the

vulnerability, to burnout,
were identified in a portion
of the athletes during the
pre-competition phase.

Hill, 2013 [42]

Examine the interactive
effects of dimensions of

perfectionism in
predicting symptoms of

athlete burnout.

Burnout symptoms Athlete Burnout
Questionnaire (ABQ)

Pure personal
perfectionism provided

some, albeit limited,
protection from burnout in

comparison with
non-perfectionism. Also,
pure evaluative concerns

perfectionism, as opposed
to mixed perfectionism,

emerged as the most
debilitating in terms of

burnout symptoms.

Curran et al.,
2013 [43]

Examine the mediating
role of psychological
need satisfaction in

relationships between
types of passion for

sport and athlete
burnout.

Burnout symptoms
and basic

psychological need
satisfaction

Athlete Burnout
Questionnaire (ABQ)
and different scales to

measure basic
psychological need

satisfaction

An inverse relationship
between harmonious

passion and burnout can be
explained by higher levels

of psychological need
satisfaction. However, this

was not the case for
obsessive passion, which
was not associated with

psychological need
satisfaction or most
symptoms of athlete

burnout.

Tabei et al., 2012 [44]

Investigate the
relationship between

organizational stressors
in sport and athlete

burnout.

Burnout symptoms
and organizational

stressors

Athlete Burnout
Questionnaire (ABQ)

and interview

Results revealed multiple
demands linked to the
dimensions of athlete

burnout and identified
specific

organizational-related
issues that players
associated with the

incidence of burnout.
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Table 5. Cont.

Study Aim Outcomes Instrument Main results

Yildiz, 2011 [45]

determine whether
leader-member

exchange quality
affects burnout in

professional footballers.

Burnout symptoms
An abbreviated version
of the 10-item burnout

scale

The results demonstrated
that the quality of

leader-member exchange
significantly and inversely

influenced burnout of
professional footballers

Curran et al.,
2011 [46]

To examine the
relationship between
forms of passion and

whether these
relationships are

mediated by
self-determined

motivation.

Burnout symptoms,
self-determined
motivation, and

passion

Athlete Burnout
Questionnaire (ABQ),

Sport Motivation Scale,
Passion Scale

The results suggest that
harmonious passion may

offer some protection from
burnout for athletes due to

higher levels of
self-determined

motivation.

4. Discussion

4.1. Depression and Depressive Symptoms

The prevalence of depressive symptoms was analysed in current and former players
(both men and women). Depressive symptoms varied from 16.7% [27] to 39% [33]. Severe
symptoms were found in between 14% [30] and 33% [37] of players with depressive symp-
toms. Understanding the prevalence of depressive symptoms is important for public health.
The prevalence found in this review suggests that depressive symptoms are more prevalent
in football players when compared to the general population [9]. However, studying the
prevalence of depression may be very difficult since the definition of depression ranges
from episodes of unhappiness to persistent mood changes [47]. In the case of current
players, reviewed studies suggested the influence of playing position as a possible cause
for variation in depressive symptoms [37,38]. Thus, and considering that some research
highlighted that some playing positions (such as goalkeepers) used to have higher levels
of depressive symptoms, future studies should try to better explore the role of playing
position. Tables 2 and 3 present more detailed information regarding the samples assessed
as well as the instruments used to assess depressive symptoms. It is important to state that
the variability in prevalence estimates may be due to different assessment methods, times
or even samples (e.g., difference prevalence in gender etc.) [10]. Systematic reviews such
as the one we present may bring some light and help to better understand what has been
made in this field.

Some of the studies have tried to justify the causes of such prevalence. In the case of
former players, the main reason to justify depressive symptoms was having to retire because
of injury [30] or live events [35,39]. In the case of current players, some reports suggested
the influence of conflicts with the coach/management [37], or live events [39]. Interestingly,
in one study, no differences were found in depressive symptoms between injured and
non-injured players [32]. Nonetheless, injury has been highlighted in past literature as
being linked with depression [9]. Thus, we acknowledge the need of future studies to
continue exploring the link between injuries and depressive symptoms. Moreover, when a
player gets injured, it must be a priority to connect with that player and try to understand
if he/she needs some extra support to deal with any subsequent mental issues related to
the injury. Regarding former players, it is also important that, at the end of their career,
they receive support in terms of a retirement plan.

A randomized clinical trial [29] tested the effects of a mindfulness-based stress re-
duction programs on retired players. The intervention revealed a significant benefit com-
pared to the control group. Additionally, the effects continued through to the follow-up.
Cognitive-behavioural therapies are still the most used in sports psychology interventions
and football interventions [48]. Mindfulness strategies, focusing on the present in a non-
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judgmental way [49], may be helpful. However, future studies should try to understand if
other interventions and strategies might be effective in order to find the best methods to
prevent and alleviate depressive symptoms in football players. Although many studies
have already discussed some of the most effective interventions in terms of fighting de-
pression and depressive symptoms, football players are a specific population, and their
uniqueness should be considered.

Finally, a result worth noting relates to sex differences. In one study, no significant
differences were found between sexes [23]. However, Junge and Feddermann-Demont [29]
reported significant differences between sexes, with females presenting higher prevalence
of depression. This result is also present in other populations [50] and it is not exclusive to
football players.

4.2. Burnout

The reviewed studies demonstrated the existence of a great dispersion of objectives.
In this sense, the study of Verardi et al. [41] demonstrated that during the pre-competition
phase, most of the athletes displayed reduced rates, indicating burnout. Additionally,
it is important to note that professional players achieved maximum average scores re-
lated to burnout in the three dimensions, which should be taken into consideration in
future studies.

The other studies included in this review always sought to establish relationships
between burnout and other moderating variables, namely perfectionism [42], bullying [40],
psychological need satisfaction [43], organizational stressors [44], self-determined mo-
tivation [46], and leader-member exchange [45]. Football players have very busy lives,
with different competitions sometimes in different parts of the world. Players should
take some time to switch off and both physically and mentally detach from the game to
prevent burnout symptoms [9]. Considering the association that burnout may have with so
many different variables, it is important to better understand the mechanisms underlying
them. Coaches, with their privileged position, should be alert to earlier signs of burnout,
such as physical difficulties, sadness, or even fatigue. In some cases it may be possible to
schedule individualized training sessions. Working closely with a psychologist may also be
important. Coaches might identify players needing attention to a sports psychologist. The
sports psychologist could then work with the player in order to help him/her overcome
any difficulties.

Specific techniques may apply, depending on the particularities of burnout. Nonethe-
less, typical techniques that may help reduce anxiety may also be used with these players,
such as: imagery techniques, relaxation, and problem-solving techniques. Considering
the association found between anxiety and burnout [51], it is possible that techniques to
lower anxiety in football players may be effective in helping players deal with burnout
as well. One important specific finding of one of the papers was the mediating role of
psychological need satisfaction in the relationship between harmonious passion and di-
mensions of athlete burnout. This suggests that harmonious passion may protect athletes
from the development of athlete burnout through psychological need satisfaction [43]. This
finding has many important practical implications that are discussed in the paper, such as
the importance of promoting sporting atmospheres emphasizing harmonious tendencies.
Creating a supporting environment may also be a protective factor against bullying, which
has also been found to be associated with player burnout [40].

It is important to note that from the studies selected for the review that met the
inclusion criteria, only one study [31] referred to both depression and burnout. This is
also an important result. Considering the importance that researchers have attributed to
both variables [23] and the fact that prevention programs in elite athletes usually highlight
the fact that it is crucial to consider both variables [10], the results of the present study
underline that there is still work to be done in the area. In fact, the literature has already
pointed to the importance of studying both variables, especially considering that that
mechanisms underlying the two variables are not yet understood [10]. The results of the
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present study reinforce that studies underlying the connection between the two variables
are still scarce.

4.3. Recommendations and Future Directions

The studies found in this review revealed some interesting results in terms of practical
implications and possible future directions in research. However, there is still a long way
to go.

First of all, the results highlight the importance of talking about depression and
depressive symptoms. Depression is a serious disease, and the results of this review
suggest that the prevalence of depressive symptoms in football players is very high. It
is imperative to talk about depression, the symptoms, and the consequences, as well as
the early signs of burnout. Improving open communication between players and football
staff may be important. It is essential not to hide it, especially considering that depression
and depressive symptoms can often be linked to irreversible issues such as suicide [52].
However, there is still a lot of stigma surrounding depression. Many people are afraid to
seek help, concluding that they will be judged as weak. Mental health is usually relegated
to another dimension when compared to physical health. Thus, an athlete seeking help
for a physical condition is usually not stigmatized the same way they feel they might be
for seeking help for mental health problems. Educational programs at the beginning of a
career, and possibly at the end of a career, might help players to understand the early signs
of the disease, the places where they may seek help, and the best times to do so.

Moreover, clinical sport psychological approaches are still scarce [11]. Considering
the prevalence of depression and burnout in football players, it is of the utmost importance
to incorporate psychologists in multidisciplinary teams working with these professionals.
Only a sports psychologist has the necessary tools to help overcome depressive symp-
toms and burnout symptoms. Thus, multidisciplinary teams, with a psychologist, would
provide a balance between physical and emotional components, using important tools
and techniques that would help to prevent burnout and depression in players [17]. It
is important to note that psychologists may work with the team, but also in particular
cases with particular players. A counselling-based session may, for instance, be needed
in particular cases and for specific players. In fact, due to the prevalence revealed in the
studies, psychotherapeutic support during one’s football career may be needed. Although
coaches are not experts at diagnosing symptoms, considering their privileged position and
proximity to players, they should be alert for possible symptoms and early signs. A routine
screening of mental health problems (and specifically a quick screening of depression,
depressive symptoms and burnout), performed by a psychologist, may also be important.
Future studies should also try to understand if players are usually referred to psycholo-
gists/psychiatrists to decrease possible suffering and, if so, the strategies that were used
(and to what level of effectiveness).

The study’s result demonstrated the existence of a great dispersion of objectives
on studies. Thus, more studies are needed. It is imperative to develop a comprehensive
understanding of the mental health of football players and to create models of care and man-
agement which will have an impact on the performance of players and their wellbeing [25].
By better understanding how to manage the emotional wellbeing of football players, it will
be possible to guide all sports staff, players and coaches alike [53]. Coping skills should also
be researched extensively in terms of working toward a better understanding of optimal
educational intervention.

Another important recommendation relates to social support. Considering the nature
of football, and the constant travel and possible disillusions related to the game, social
support may be an important preventive strategy. Social support may also be an important
protective factor [13], helping players who are dealing with critical problems such as injury
and loneliness [9,12], and minimizing important negative behaviours such as bullying.

Finally, future investigations should take into account the level of professionalism
of footballers. The evolutionary tendencies of the game (e.g., compressed schedules and
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multiple games in short amounts of time) can have a significant influence on depressive
symptoms and burnout.

Future studies should consider not only the use of self-reports but also more accurate
methodologies. Self-report measures are of utmost importance in screening and measuring
progress. However, when we are interested in studying the diagnosis of diseases such
as depression it is important to include a professional structured clinical interview by
professional psychiatrists/psychologists and to have a confirmed diagnosis.

A possible limitation of this systematic review is that it only includes studies in
English from the Web of Science, Scopus, SPORTdiscus, PubMed, and Psychinfo databases.
Additionally, the fact that the selected studies are mostly cross-sectional may result in a
limitation of the existing research to date, along with the level of evidence (as explained in
Section 3.2). Additionally, the lack of homogeneous studies about the topic under study
should be considered a limitation that future research should take into account. It is also
important to note that the use of self-reported scales do not allow the generalization of
some of the results.

5. Conclusions

Although there are many studies in this area, little attention has been paid to the
psychological component. When looking for information about depression, and depressive
symptoms or burnout and sport, there is a clear primacy with respect to the beneficial
effects of sports and exercise on symptoms of depression and anxiety, while there is little
on the levels of depression and burnout of players. Recently, however, there has been a
greater openness to this topic.

The reviewed studies showed that depressive symptoms in football players are more
prevalent when compared to the general population. During the pre-competition phase,
most of the athletes displayed reduced rates of indicating burnout. Considering the
constant travel and possible disillusions related to the game, social support might be
an important preventive strategy and protective factor. This type of intervention would
help players dealing with critical problems such as injury and loneliness, while serving to
minimize a host of negative behaviours. By better understanding how to prevent and cope
with the emotional wellbeing of football players, it will be possible to guide all sports staff.
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Abstract: Previous research has shown that rope jumping improves physical health; however, little
is known about its impact on brain-derived monoamine neurotransmitters associated with cog-
nitive regulation. To address these gaps in the literature, the present study compared outcomes
between 15 healthy participants (mean age, 23.1 years) after a long-rope jumping exercise and a
control condition. Long-rope jumping also requires co-operation between people, attention, spatial
cognition, and rhythm sensation. Psychological questionnaires were administered to both con-
ditions, and Stroop task performance and monoamine metabolite levels in the saliva and urine
were evaluated. Participants performing the exercise exhibited lower anxiety levels than those in
the control condition. Saliva analyses showed higher 3-methoxy-4-hydroxyphenylglycol (a nore-
pinephrine metabolite) levels, and urine analyses revealed higher 3-methoxy-4-hydroxyphenylglycol
and 5-hydroxyindoleacetic acid (a serotonin metabolite) levels in the exercise condition than in the
control. Importantly, urinary 5-hydroxyindoleacetic acid level correlated with salivary and urinary
3-methoxy-4-hydroxyphenylglycol levels in the exercise condition. Furthermore, cognitive results
revealed higher Stroop performance in the exercise condition than in the control condition; this
performance correlated with salivary 3-methoxy-4-hydroxyphenylglycol levels. These results indi-
cate an association between increased 3-methoxy-4-hydroxyphenylglycol and attention in long-rope
jumping. We suggest that long-rope jumping predicts central norepinephrinergic activation and
related attention maintenance.

Keywords: long-rope jumping; attention; 3-methoxy-4-hydroxyphenylglycol; 5-hydroxyindoleacetic acid

1. Introduction

Exercise has beneficial effects on psychophysiological well-being and brain function [1,2].
However, a monotonous or complicated exercise training program may not be the most
enjoyable or easily performed exercise. In a society suffering from increasing health issues,
identifying simple and enjoyable exercises that can effectively mitigate mental illness-
related cognitive and brain dysfunction is important.

Being a simple and aerobic rhythmic exercise, the rope jumping program was intro-
duced as a teaching tool for improving physical health in Japanese elementary schools in
the early 1900s. Rope jumping co-ordinates movements of the upper and lower body to
maintain balance and rhythm. Pitreli and O’Shea reported that rope jumping combines the
angular momentum of the rope and vertical displacement of the body and involves upper
and lower synchrony where positioning and timing are critical [3]. Given that time per-
ception is involved in the processing of timing information [4], the rope jumping skill may
be associated with superior cognitive functions, including spatial-temporal perception. A
previous study reported that young adults who engaged in rope jumping had higher levels
of selective attention than young adults who did not exercise [5]. Rope jumping improves
C-reactive protein levels and bone density in adolescents [6,7]. However, little is known
about how rope jumping affects monoaminergic activity related to cognitive performance.
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The monoamine neurotransmitters norepinephrine, serotonin, and dopamine have
been implicated in various cognitive functions [8,9]. Norepinephrine is involved in the
regulation of the dorsal and ventral attention networks and thereby in reorienting and
switching attention [10,11]. Additionally, some positron emission tomography studies
have reported associations between dopamine or serotonin availability and attention
in healthy individuals [12,13]. These findings indicate that monoamines are critically
linked to selective attention. However, investigations of monoamines have been limited to
neuroimaging, and little is known about the association between direct monoamine levels
and cognitive function after rope jumping. Does rope jumping, which enhances attention
in young adults, change monoamine levels in the central nervous system (CNS)?

Biochemical studies have shown an association between monoamine levels in the periph-
eral nervous system (PNS) and the CNS [14,15]. Although 3-methoxy-4-hydroxyphenylglycol
(MHPG; a norepinephrine metabolite) levels in the plasma and cerebrospinal fluid (CSF) were
related to the central norepinephrinergic system according to some studies [16,17], several
other studies failed to demonstrate this association [18,19]. This discrepancy may be associ-
ated with the stress of invasive blood and/or CSF extraction. In contrast, salivary MHPG
(sMHPG), delivered via blood circulation, is a non-invasive marker for detecting changes
in the central norepinephrinergic system, as sMHPG has been reported to correlate with
plasma and CSF MHPG levels [20,21]. Additionally, a growing body of evidence indicates
that sMHPG levels can predict cognitive performance and mental health associated with
central norepinephrinergic activity [22,23]. Moreover, it has been reported that urinary
MHPG (uMHPG), which does not require invasive sampling, originates in the CNS [24,25].
Urinary homovanillic acid (uHVA; a dopamine metabolite) and 5-hydroxyindoleacetic acid
(u5-HIAA; a serotonin metabolite) are transported from the brain via the organic anion
transporter 3 system (OAT 3) in the blood-brain barrier [26,27]. Moreover, the reduction of
brain serotonin levels was correlated with lower u5-HIAA levels [14]. Such monoamine
metabolites in the saliva and urine can serve as non-invasive and useful markers for
detecting central monoamine activity in humans.

The effect of rope jumping exercise on cognitive regulation-relevant monoamine
neurotransmitters has received scant attention, and little is known about monoamine
metabolite levels in the saliva and urine after performing rope jumping exercise. However,
given the effect of rope jumping exercise on attention performance and physiological
function, it is important to clarify whether rope jumping exercise also affects the association
between monoamines and attention. To determine this association, we used long-rope
jumping as an experimental condition, as it is a rhythmic exercise requiring considerable
co-operation, attention, spatial cognition, and rhythm sensation when performed with
multiple persons.

The present study addresses two research questions. First, does the rhythmic exercise
of long-rope jumping enhance monoamine metabolite levels? Second, if improvement
is observed with the rhythmic exercise, does it lead to a corresponding improvement in
attention performance as measured by the Stroop task? To address these questions, we com-
pared monoamine metabolites levels in saliva and urine and Stroop performance between
long-rope jumping and non-exercise conditions. Based on the monoamine metabolite
differences between conditions, we further examined the associations between monoamine
metabolite levels and Stroop performance.

2. Materials and Methods

2.1. Participants

The Psychological Research Ethics Committee of Tezukayama University approved
the protocol (approval number 27−15), and all study participants provided informed
consent. Twenty-four university students (10 women and 14 men, aged 20–33 years) partic-
ipated in this study; they were recruited from Tezukayama University. Individuals with
a history of neurological, cardiovascular, or psychiatric illness, smoking, or use of drugs
(e.g., tranquilizers or hypnotics) were excluded. Since previous studies have reported asso-
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ciations between menstruation and monoamine metabolism and physical activity-related
physiological systems [28–30], five women were also excluded from the analysis because of
ongoing menstruation and/or physical deconditioning. Four men were excluded because
of physical deconditioning. The final analysis included 15 healthy students (5 women and
10 men; mean age = 23.1 years, SD = 3.4; mean education = 16.6 years, SD = 2.2).

2.2. Experimental Conditions

We selected long-rope jumping as the rhythmic exercise condition (EC). The rhythmic
exercise performed by four persons per group consisted of seven sessions of jumping
for 2 min, with 1 min of rest after each session. The rope made one rotation per second,
and a metronome was used to measure this rate. Moreover, the mean intensity in long-
rope jumping was 56.7% (mean heart rate during rope-jumping = 109.3 bpm, SE = 4.5;
mean maximum heart rate = 192.7 bpm, SE = 0.7), indicating mild rhythmic exercise for
maintaining health. The subjects had free access to water during the rhythmic exercise. In
contrast, the control condition (CC) was set as a period of relaxation in a private room for
30 min. During the relaxation period, the participants were allowed to drink only water,
and were not allowed to use the phone, read, exercise, or sleep. The present study was a
within-subjects counterbalanced design (Figure 1). First, all participants were randomly
assigned to either of the two conditions (control or exercise). After experiencing either
of the two conditions, the participants were treated with the unexperienced condition 1
month later.
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Figure 1. Study flow diagram.

2.3. Determination of MHPG in Saliva

Saliva was collected by placing two swabs on the sublingual gland in both conditions.
Saliva was immediately transferred to a polypropylene tube with 2.5% perchloric acid.
The tube was centrifuged at 10,000× g for 10 min at 4 ◦C. The obtained supernatant
was stored at −78 ◦C until assayed by high performance liquid chromatography (HPLC;
Nanospace SI-2 3001, Shiseido, Tokyo, Japan) equipped with an electrochemical detector
(Nanospace SI-2 3005, Shiseido, Japan). The supernatant was directly injected into the
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HPLC system. sMHPG concentration was measured using HPLC with an electrochemical
detector (voltage: 700 mV) and a chromate recorder (C-R8A, Shimadzu Co, Kyoto, Japan).
The mobile phase consisted of 15% methanol in a solution (pH 4.13) containing 30 mM
citric acid, 10 mM disodium hydrogen phosphate, 0.5 mM sodium octyl sulphate, 50 mM
sodium chloride, and 0.05 mM ethylenediaminetetraacetic acid. This was pumped through
a 5-µM C18 column (150 mm × 4.6 mm; TSK gel, ODS-80TM, Tosoh, Tokyo, Japan) at a flow
rate of 0.7 mL/min. sMHPG retention time was approximately 6 min. However, s5-HIAA
and sHVA were not detected in either condition.

2.4. Determination of Monoamine Metabolites in Urine

The collected urine in both conditions was diluted with 6.7 mM hydrochloric acid
and 2.5% perchloric acid. The mixture was centrifuged at 10,000× g for 10 min at 4 ◦C to
separate albumin. The obtained supernatant was stored at −78 ◦C until the HPLC assay.
The mobile phase, column, flow rate, and detection system were the same as those used for
sMHPG determination. The retention times of uMHPG, u5-HIAA, and uHVA were 6, 12,
and 18 min, respectively.

2.5. Psychological Measurements

The profile of mood states (POMS) is a 30-item questionnaire used to measures six
basic mood states on a 5-point Likert scale (0 = not at all to 4 = very): tension (e.g., “I feel
fidgety”), depression (e.g., “I feel dark”), anger (e.g., “I feel intense anger”), vigor (e.g., “I
have vigour”), fatigability (e.g., “I was tired”), and confusion (e.g., “I have not gathered my
thoughts”). In addition, the social behavioral questionnaire included 17 question items that
measure two basic social dimensions on a 5-point Likert scale (0 = not at all to 4 = very):
individual (e.g., “I value my own individuality”) and social (e.g., “I stay coordinated with
other people”) orientations.

2.6. Cognitive Measurements

Selective attention and cognitive flexibility were measured to compare the rhythmic
EC and CC. The cognitive test consisted of the classical version of the Stroop task as
previously reported [31]. Subjects were asked to name the ink color in congruent words
(e.g., the word red written in red ink) and incongruent words (e.g., the word blue written in
green ink, or the word yellow written in red ink). Under both congruent and incongruent
conditions, the words were printed on an A3 size paper with a font size of 16 for each word.
The participants were asked to answer with the word or color on the paper as quickly
and accurately as possible for 60 seconds/task, and the number of correct responses was
recorded. To offset the effect of task order, the order of tasks was counterbalanced for
all participants.

2.7. Procedure

The participants were instructed to refrain from consuming alcohol, coffee, fish, red
beef, and blue cheese for at least 24 h before the experiment. In addition, they were asked
to fast with water during the 90-min period before saliva and urine collection. On the
day of the experiment, participants urinated, brushed their teeth with water, and then
rested in a private room for 30 min. In the CC, saliva and urine were collected 30 min after
the relaxation period. Next, the mental/physical state of the participants was assessed
using questionnaires, and their cognitive function was tested using the Stroop task. In
the EC, saliva and urine were collected 30 min after completing the rhythmic exercise.
Next, questionnaires were administered to determine the mental and physical state of the
participants, and the Stroop task was administered to determine their cognitive function.

2.8. Statistical Analyses

Psychological, biochemical, and cognitive data were compared between the rhyth-
mic EC and CC using the paired sample t-test in IBM-SPSS, version 25 (IBM Corp., Ar-
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monk, NY, USA). However, multiple tests may induce a type I error for overestimating
significant effects under no-correction, or a type II error for underestimating significant
effects under conservative correction such as the Bonferroni methods. The resampling
method (e.g., permutation) can be used to estimate adjusted p-values while avoiding
parametric assumptions about the joint distribution of the test statistics [32,33]. We con-
ducted a permutation test using MATLAB R2020a (The Mathworks Inc., Natick, MA,
USA) for the validation of the original exercise effects detected under the uncorrected
α-level threshold. For each experimental data, all samples were randomized together
and resampled to obtain a dummy t-value. This procedure was repeated 10,000 times
for each of the 8 psychological, 4 biochemical, and 2 cognitive data. We pooled a to-
tal of t-values (80,000 t-values: 10,000 resampling × 8 psychological data, 40,000 t-values:
10,000 resampling × 4 biochemical data, 20,000 t-values: 10,000 resampling × 2 cognitive
data) and created a unique permutation t-distribution to obtain a single adjusted α-level
threshold (the top five percentile ranks in the distribution) of each t-value in the psycholog-
ical, biochemical, and cognitive data.

Finally, correlations were calculated using the Pearson correlation coefficient in IBM-
SPSS. For these multiple coefficients, validation tests for correlations were performed in
a permutation test using MATLAB R2020a. To examine the correlation in a given pair of
variables (e.g., urinary 5-HIAA and salivary MHPG), a dummy coefficient was obtained by
correlating the two variables randomly across participants. This procedure was repeated
10,000 times for each of the 16 correlations. We pooled a total of 160,000 dummy coeffi-
cients (10,000 resampling × 16 correlations) and created a unique permutation coefficient
distribution to obtain a single adjusted α-level threshold (the top five percentile ranks in
the distribution). For all analyses, p < 0.05 was considered statistically significant.

3. Results

3.1. Psychological Scores

The psychological data are shown in Table 1. There was a significant difference
between the two conditions in the POMS anxiety score (t(14) = 5.28, p < 0.001, d = 0.96).
The t-values in the POMS anxiety score were higher than the adjusted significance level
threshold (t(14) = 3.24) obtained in the permutation test. In contrast, there were no signifi-
cant differences in POMS depression, anger, vigor, fatigability and confusion scores, and
individual and social orientation between the two conditions. These results indicate that,
compared with the CC, the rhythmic exercise of long-rope jumping reduced anxiety levels.

Table 1. Psychological results in both conditions.

Scale Control Exercise p-Value

POMS anxiety 7.7 (1.2) 4.0 (0.7) <0.001
POMS depression 3.9 (0.8) 2.9 (0.7) 0.267
POMS anger 1.8 (0.5) 2.1 (1.1) 0.832
POMS vigour 7.9 (1.1) 7.7 (0.9) 0.909
POMS fatigability 10.1 (0.8) 11.5 (1.1) 0.257
POMS confusion 6.2 (0.7) 5.0 (0.8) 0.132
Individual orientation 23.9 (0.7) 25.1 (0.8) 0.098
Social orientation 33.7 (1.2) 34.9 (1.5) 0.342

Parameters are indicated as the mean (SE). p-values are from t-tests on condition differences. POMS, profile of
mood states; SE, standard error.

3.2. Rope Jumping Exercise-Related Monoamine Metabolite Changes and Cognitive Effects

Biochemical HPLC analyses showed significantly higher sMHPG levels in the EC than
in the CC (Figure 2A: t(14) = 2.48, p = 0.027, d = 0.61). As Figure 3 shows, most individuals
had an increased sMHPG ratio after rhythmic exercise. The condition differences in urinary
monoamine are shown in Figure 2B–D. Compared with the CC, rhythmic exercise caused
a significant increase in uMHPG (Figure 2B: t(14) = 3.18, p = 0.007, d = 1.15) and u5-HIAA
levels (Figure 2C: t(14) = 2.55, p = 0.023, d = 0.79). As Figures 4 and 5 show, most individuals
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showed an increased uMHPG and u5-HIAA ratio after rhythmic exercise. These t-values
were higher than the adjusted significance level threshold (t(14) =2.47) obtained in the
permutation test. In contrast, there were no significant between-condition differences in
uHVA levels (Figure 2D: t(14) = 0.86, p = 0.406, d = 0.27). As Figure 6 shows, most individuals
did not show differences in uHVA levels between CC and EC. These results indicate that
the rhythmic exercise of long-rope jumping increased the s/uMHPG and u5-HIAA levels.
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Figure 2. Change in monoamine metabolite levels stimulated by rhythmic rope jumping exercise. (A) Com-
pared with the control condition, rhythmic exercise increased salivary 3-methoxy-4-hydroxyphenylglycol
levels 30 min after exercise. (B,C) rhythmic exercise participants showed increased urinary 3-methoxy-
4-hydroxyphenylglycol and 5-hydroxyindoleacetic acid levels when compared with participants
in the control condition. (D) There was no significant difference between conditions in urinary
homovanillic acid level. Parameters are indicated as mean (SE). * p < 0.05, ** p < 0.01. sMHPG,
salivary 3-methoxy-4-hydroxyphenylglycol; uMHPG, urinary 3-methoxy-4-hydroxyphenylglycol;
u5-HIAA, urinary 5-hydroxyindoleacetic acid; uHVA, urinary homovanillic acid; SE, standard error.
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Figure 3. Increased and decreased ratio of salivary 3-methoxy-4-hydroxyphenylglycol level between
conditions for each participant. Despite the large interindividual variance, 12 out of 15 partici-
pants had an increased ratio of 3-methoxy-4-hydroxyphenylglycol level during exercise compared
with the control condition. sMHPG, salivary 3-methoxy-4-hydroxyphenylglycol; CC, control con-
dition; EC, exercise condition; N, increase ratio in EC compared with CC; H, decrease ratio in EC
compared with CC.
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Figure 4. Increased and decreased ratio of urinary 3-methoxy-4-hydroxyphenylglycol level between
conditions for each participant. Despite the large interindividual variance, 14 out of 15 participants
had an increased ratio of 3-methoxy-4-hydroxyphenylglycol level during exercise compared with
the control condition. uMHPG, urinary 3-methoxy-4-hydroxyphenylglycol; CC, control condition;
EC, exercise condition; N, increase ratio in EC compared with CC; H, decrease ratio in EC compared
with CC.
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Figure 5. Increased and decreased ratio of urinary 5-hydroxyindoleacetic acid level between condi-
tions for each participant. Despite the large interindividual variance, 11 out of 15 participants had an
increased ratio of 5-hydroxyindoleacetic acid level during exercise compared with the control condi-
tion. u5-HIAA, urinary 5-hydroxyindoleacetic acid; CC, control condition; EC, exercise condition; N,
increase ratio in EC compared with CC; H, decrease ratio in EC compared with CC.

The cognitive data are shown in Figure 7. There were significant differences between
the two conditions in the congruent (Figure 7A: t(14) = 2.45, p = 0.028, d = 0.75) and
incongruent word tasks (Figure 7B: t(14) = 2.39, p = 0.032, d = 0.30). As Figures 8 and 9
show, most individuals increased their Stroop performance after rhythmic exercise. These
t-values were higher than the adjusted significant level threshold (t(14) = 2.25) obtained
in the permutation test. These results indicate that participants showed higher attention
performance after the rhythmic exercise of long-rope jumping than after the CC.
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Figure 6. Increased and decreased ratio of urinary homovanillic acid level between conditions for
each participant. Although 5 participants had an increased ratio of homovanillic acid level in urine
during exercise compared with the control condition, in most participants homovanillic acid was not
detected in any condition. Homovanillic acid in urine may not be used as a biomarker of dopamine
in the central nervous system. uHVA, urinary homovanillic acid; CC, control condition; EC, exercise
condition; N, increase ratio in EC compared with CC; H, decrease ratio in EC compared with CC; −,
no change.
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Figure 7. Effect of rhythmic rope jumping exercise on Stroop performance. (A) In the congruent word
task, rhythmic exercise increased the rate of correct responses compared with the control condition.
(B) In the incongruent word task, rhythmic exercise increased the rate of correct responses compared
with the control condition. Parameters are indicated as mean (SE). * p < 0.05. SE, standard error.
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Figure 8. Increased and decreased ratio of Stroop congruent performance between conditions for each
participant. Despite the large interindividual variance, 11 out of 15 participants had an increased ratio
of Stroop performance during exercise compared with the control condition. CC, control condition;
EC, exercise condition; N, increase ratio in EC compared with CC; H, decrease ratio in EC compared
with CC.
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Figure 9. Increased and decreased ratio of Stroop incongruent performance between conditions
for each participant. Despite the large interindividual variance, 11 out of 15 participants had an
increased ratio of Stroop performance during exercise compared with the control condition. CC,
control condition; EC, exercise condition; N, increase ratio in EC compared with CC; H, decrease ratio
in EC compared with CC.

We also investigated the correlation between s/uMHPG levels and u5-HIAA lev-
els and Stroop performance (Table 2). The u5-HIAA levels were positively correlated
with the s/uMHPG levels in the rhythmic EC (sMHPG: r = 0.80, p < 0.001, uMHPG:
r = 0.58, p = 0.022). The absolute Pearson’s r values were higher than the adjusted signif-
icance level threshold (|r| = 0.54) obtained in the permutation test. In contrast, such a
correlation with sMHPG levels was not significant in the CC (sMHPG: r = 0.32, p = 0.241,
uMHPG: r = 0.10, p = 0.721). This shows that higher 5-HIAA levels are linked to higher
levels of MHPG.

Table 2. Correlations between monoamine metabolites and attention.

Pair of Variables Control Exercise

(A) Correlation with u5-HIAA
sMHPG 0.32 0.80 ***
uMHPG 0.10 0.58 *
(B) Correlation with Stroop performance
Congruent word task
sMHPG 0.26 0.61 *
uMHPG 0.44 0.03
u5-HIAA 0.35 0.38
Incongruent word task
sMHPG 0.27 0.50
uMHPG 0.59 * −0.30
u5-HIAA −0.25 0.38

* p < 0.05, *** p < 0.001. u5-HIAA, urinary 5-hydroxyindloeacetic acid; sMHPG, salivary 3-methoxy-4-
hydroxyphenylglycol; uMHPG, urinary 3-methoxy-4-hydroxyphenylglycol.

In subsequent correlation analyses including sex, age, and education as the control
variables (Table 2), sMHPG levels were positively correlated with correct responses in
the congruent word task of the Stroop test in the EC (r = 0.61, p = 0.036). The absolute
Pearson’s r value was higher than the adjusted significance level threshold (|r| = 0.54)
obtained in the permutation test. In contrast, such a correlation was not found for the
CC (r = 0.26, p = 0.417). These results indicate that enhancement of the MHPG level
30 min after completion of the rhythmic exercise of long-rope jumping is linked to higher
attention performance.
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4. Discussion

This study aimed to investigate the association between the rhythmic exercise of
long-rope jumping and central monoaminergic and cognitive functions. The main findings
revealed that after the rhythmic rope jumping exercise, participants showed (1) a significant
reduction of anxiety scores; (2) increased s/uMHPG and u5-HIAA levels; and (3) improved
Stroop performance. Moreover, the higher release of 5-HIAA was associated with higher
MHPG levels in the EC. In addition, the MHPG levels that were increased by the rhythmic
rope jumping exercise were associated with higher attention performance on the Stroop task.
Our results indicate that long-rope jumping may affect cognitive function by activating the
norepinephrinergic and serotonergic systems and their interactions.

Consistent with previous findings [34,35], this study revealed that the rhythmic rope
jumping exercise significantly reduced anxiety scores compared to the CC. The improve-
ment in anxiety score might be explained by the decrease of hypothalamic corticotropin-
releasing factor and activation of the central monoaminergic system (e.g., norepinephrine
and serotonin) [36], both of which are based on the antianxiety and antidepressant effects
of exercise. Psychologically, exercise is also associated with a self-efficacy improvement
through progressive positive feedback, such as fitness gains [36]. The multimodal nature
of exercise may contribute to improving anxiety in our study.

In contrast to previous studies using aerobic exercise showing significant improvement
in depressive symptoms of high-depressive participants [37,38], we did not find similar
improvement in the POMS depression score of healthy participants. One possible reason is
the initial level of depression (e.g., high-depressive participants vs. healthy participants).
Another possible reason is that continued rope jumping exercise may strongly reduce
depression levels.

Concerning monoaminergic functions, s/uMHPG and u5-HIAA levels and their inter-
action were found to be increased by rhythmic rope jumping exercise. These findings can
be interpreted as central norepinephrinergic and serotonergic activation due to long-rope
jumping. Previous studies have reported that exhaustive exercise is associated with higher
serotonin synthesis [9,39] and lower norepinephrine levels in the brain [40], indicating that
monoamine changes are implicated in the central fatigue mechanism. However, one study
reported that after supplementation with 2-µM L-tryptophan (serotonin precursor), nerve
terminals took up the serotonin over a 60-min period, rapidly metabolizing it to 5-HIAA
to return the concentration of serotonin to its original level after 90 min [41]. Another
study emphasized that exercise performance is not influenced by fluoxetine (selective
serotonin reuptake inhibitor) [42]. These aspects of serotonin could contribute to increased
brain plasticity [43,44] but not induce central fatigue [9,41,42]. In particular, the increased
u5-HIAA levels due to the rhythmic exercise of long-rope jumping may help facilitate
neuroplasticity. Alternatively, the heightened u5-HIAA levels may be related to cognitive
demand and motor plan in long-rope jumping. The serotonergic system projects from
raphe nuclei to the precuneus and the hippocampus [45]. The precuneus is involved in
attention shift and timing function [46–48] and plays an important role in visuospatial
imagery for body movement control [49–51]. Malouin et al. reported activation of the
precuneus in imagery tasks of walking with obstacles through a virtual environment [52],
suggesting the involvement of the precuneus in efficient predictive adaptation of postural
control, motor coordination, spatial orientation, and reaction to moving objects/persons.
Moreover, the hippocampus has been implicated in the processing capacity of spatial
information as well as attention [53,54]. In addition, neuroimaging and neurophysiological
studies have showed that serotonergic modulation influences motor planning and sensory
perception (e.g., rhythm and timing) [55,56]. The accumulation of training in motor skills
involving high cognitive demand may strongly influence the precuneus and hippocampus
associated with the serotonergic system, presumably because visuospatial processing, coor-
dinating movements to maintain balance and rhythm, and attention shift are essential for
long-rope umping.
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Interestingly, although increased dopamine availability in the brain has an exercise
performance-enhancing effect [57], we could not detect uHVA excretion in most individ-
uals, nor were there significant differences between the two conditions. Dopaminergic
neurons are restricted to the nigrostriatal pathway [43], suggesting that dopamine content
is much lower in other regions, except for the striatum [58]. In contrast, serotonergic
and norepinephrinergic neurons are localized in the whole brain [58]. Therefore, higher
u5-HIAA and uMHPG excretion would be expected as these metabolites are transported
more from the whole brain via the OAT3, but not HVA excretion. Thus, uHVA excretion
may not function well as the central dopamine biomarker in our study.

Further analyses revealed that higher sMHPG levels were associated with better
Stroop performance in the rhythmic rope jumping exercise, indicating a rhythmic exercise-
specific link between processes controlling attention and the norepinephrinergic system.
This result suggests that long-rope jumping may facilitate attentional performance by
central norepinephrinergic activation.

The norepinephrinergic pathway projects from the locus coeruleus to the whole
brain [59]. A pharmacological study reported that after clonidine microinjection in rats,
the reduction of locus coeruleus-norepinephrinergic system activity reduces prefrontal-
dependent visuospatial attention performance [60], indicating a role of the norepinephriner-
gic system in attention associated with locus coeruleus-prefrontal circuit. In addition,
aerobic exercise is associated with the activation of these regions [61,62]. Although we
did not evaluate these brain functions, these aspects of the rhythmic exercise of long-rope
jumping may enhance the connectivity between the locus coeruleus and the prefrontal cor-
tex, associated with the ascending norepinephrinergic pathway. The increased peripheral
MHPG levels and their association with attention performance in our study suggest that
long-rope jumping may enhance central norepinephrine release for improved attention.

Finally, we provided the first evidence of a positive correlation between uMHPG levels
and incongruency processing, as measured by the Stroop task in healthy participants in the
CC. Since Stroop incongruent condition requires more attention and control of competitive
responses [63], the higher uMHPG levels may be fast to respond to the Stroop incongruent
effect. Although baseline sMHPG levels were associated with effort performance on the
Uchida-Kraepelin test [22], baseline uMHPG may predict effortful attention on the Stroop
interference. Therefore, baseline uMHPG could serve as a non-invasive biological marker
for detecting central norepinephrinergic activity and a useful predictive marker for arousal
and attention in healthy participants.

Our study has several limitations. As small sample size limits statistical power, the
results in our study might be considered as preliminary. However, our study size was
comparable to those in some biochemical sports trials [64,65] and, as indicated by the
interindividual differences in Figures 3–6, 8 and 9, increased s/uMHPG and u5-HIAA
levels and improved Stroop performance were observed in EC participants, suggesting that
the changes in central norepinephrinergic-serotonergic systems and attention performance
were caused by the rhythmic rope jumping exercise. Moreover, while the effects of long-
rope jumping have been demonstrated, it is still unclear which aspect of the exercise is
effective. For example, CC participants did not undergo any intervention, which limits
the interpretation of our findings. That is, social interaction, as well as the rope jumping
exercise, may have partially influenced the EC participants. However, it is unlikely that
our exercise effects are merely due to an increase in social interaction because the two
conditions did not differ in social orientation scores. Furthermore, the present study
was unable to recruit a sufficient number of participants for other aerobic exercises of
similar intensity (e.g., walking and dance) to further clarify the effects of rhythmic rope
jumping on monoamine levels and cognitive functions. Therefore, the specific effects on
aerobic demand or more complex cognitive demands of the motor planning involved in
rope jumping remain unclear and should be investigated in future studies. Finally, there
were few female participants in our sample. Therefore, the present results may not be
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generalizable to both sexes. Future research should focus on these issues to confirm or
reject our findings.

5. Conclusions

We found that the rhythmic exercise of long-rope jumping enhances cognitive perfor-
mance and central monoaminergic system function through central norepinephrinergic
activation. Biochemically, the increased s/uMHPG was associated with higher u5-HIAA
levels in the rhythmic rope jumping exercise. Moreover, the behavioral results indicated
exercise-specific improved attention performance, suggesting that long-rope jumping may
affect the central norepinephrinergic system for attention improvement. The main findings
of the present study shed new light on how long-rope jumping possibly influences the
central monoaminergic system.
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Abstract: Previous cross-sectional studies have related aerobic fitness to inhibitory control and
white matter (WM) microstructure in young adults, but there is no longitudinal study to confirm
whether these relationships exist. We carried out a longitudinal study comparing aerobic fitness,
inhibitory control, and WM integrity across time points, before versus after completing an exercise
intervention in young adults (18–20 years old) relative to a control group. The exercise group (n = 35)
participated in a 9-week exercise protocol, while the control group (n = 24) did not receive any
regular exercise training. Behavioral data and diffusion tensor imaging (DTI) data were collected
prior to and following the intervention. After the exercise intervention, aerobic fitness and inhibitory
control performance were significantly improved for the exercise group, but not for the control group.
Analyses of variance (ANOVA) of the DTI data demonstrated significantly increased fractional
anisotropy (FA) in the right corticospinal tract and significantly decreased FA in the left superior
fronto-occipital fasciculus in the exercise group after the intervention versus before. The enhanced
aerobic fitness induced by exercise was associated with better inhibitory control performance in the
incongruent condition and lower FA in the Left superior fronto-occipital fasciculus (SFOF). Regression
analysis of a mediation model did not support Left SFOF FA as a mediator of the relationship between
improvements in aerobic fitness and inhibitory control. The present data provide new evidence of
the relationship between exercise-induced changes in aerobic fitness, WM integrity, and inhibitory
control in early adulthood. Longer-duration intervention studies with larger study cohorts are
needed to confirm and further explore the findings obtained in this study.

Keywords: diffusion tensor imaging; fractional anisotropy; inhibitory control; aerobic fitness;
early adulthood

1. Introduction

Extensive research involving subjects across various age groups has demonstrated that
aerobic fitness can benefit several aspects of cognitive function [1–3], including attention [4],
inhibitory control [5], memory [6], and executive function [7]. Inhibitory control, which
is regarded as a core component of executive function, refers to one’s ability to control
his or her attention, behavior, thoughts, and emotions and to overcome his or her strong
internal tendencies and external temptations so that he or she is able to initiate and stay
engaged in appropriate or necessary tasks [8]. Poorly developed inhibitory control can
compromise cognitive, emotional, and social functioning [8]. Thus, a better understanding
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of the relationship between aerobic fitness and inhibitory control will provide theoretical
insights applicable to promoting cognitive development in young people and preventing
cognitive decline in the elderly.

To elucidate the relationship between aerobic fitness and inhibitory control, it will be
important to clarify how particular brain areas, processes, and inter-regional connections
are affected by aerobic fitness and involved in inhibitory control. The right inferior frontal
gyrus has emerged as a key region for mediating inhibitory control [9]. The relatively
few studies in the literature examining the relationship between fitness and inhibitory
control have focused on children or the elderly, and the findings have been ambiguous.
A cross-sectional study employing white matter (WM) tractography based on diffusion
tensor imaging (DTI) data demonstrated a positive correlation between fitness level and
fractional anisotropy (FA) in a cohort of 9- and 10-year-old children [10]. A cross-sectional
study involving elderly subjects related fitness to spatial working memory performance,
and obtained data suggesting that FA may play a mediating role between aerobic fitness
and cognition [11]. Conversely, Herting et al. found no relationship between aerobic fitness
and FA in male adolescents [12]. These inconsistent results suggest that the relationship
between aerobic fitness, WM integrity, and cognition may vary across different stages
of life.

Although exercise can improve aerobic fitness [13], there is limited information re-
garding how exercise interventions that enhance aerobic fitness affect WM integrity and
cognition. Notably, an intervention study involving 70 participants showed that changes in
aerobic fitness induced by 1 year of fitness training were associated with FA changes in pre-
frontal and temporal cortices as well as with improved short-term memory performance [3].
A recent path analysis study showed that FA could play a mediating role between aerobic
fitness and cognition [2]. Although those data were derived from cross-sectional research,
the model provides a sound basis from which to examine WM changes associated with
the effects of improved fitness on cognition. In general, cross-sectional studies focusing
on the relationship between aerobic fitness and WM integrity have lacked cognitive mea-
surements. Moreover, the lack of intervention studies precludes us from making causal
inferences about the relationships observed in cross-sectional studies.

Adolescence to early adulthood is a unique developmental period characterized by
immature brain processing and vulnerability to psychopathology emergence [14,15]. Al-
though cognitive and WM development changes during this period have slowed relative
to earlier developmental phases, ample plasticity remains [16,17]. To the best of our knowl-
edge, the influence of aerobic fitness on WM integrity and behavioral inhibitory control
in early adulthood has not been examined in an intervention study. The aim of this study
was to examine the influence of aerobic fitness on WM integrity and inhibitory control in
young adults, thus addressing this knowledge gap, and to attempt to explore the interac-
tion between the three variables caused by exercise interventions. We hypothesized that
after 9-week aerobic exercise intervention, enhanced aerobic fitness would be associated
with better inhibitory control performance and alterations in WM integrity based on the
supposition that WM integrity may be an important indirect pathway by which aerobic
fitness affects inhibitory control. Empirical support for our hypothesis would support the
view that aerobic fitness is an important life factor for healthy brain and intellectual devel-
opment and support the use of DTI-derived FA data for illuminating neural mechanisms
underlying exercise effects on brain function.

2. Materials and Methods

2.1. Participants

A cohort of 84 college freshmen (35 males and 49 females) were recruited from a
university in cities of Yangzhou in Jiangsu Province, China. The inclusion criteria were
age of 18–20 years old, right-handedness, and normal vision without color blindness. The
exclusion criteria were drug abuse, any genetic disease, general intelligence problems,
or any medical condition that limits physical activity or that could affect the research
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results. The study protocol was approved by the ethics and human protection committees
of Yangzhou University Affiliated Hospital (2017-YKL045-01). All participants provided
written informed consent after receiving a detailed explanation of the experimental proce-
dure. All research procedures were in accordance with the latest version of the Declaration
of Helsinki.

2.2. Aerobic Fitness Assessment

Peak aerobic oxygen uptake (VO2peak) was used as an index of aerobic fitness
level [18]. VO2peak was assessed while participants exercised on a stress-test station-
ary bicycle EGT 1000 (ELMED, Zimmer Elektromedizin GmbH in Neu-Ulm, Germany).
Before fitness testing, resting heart rate (HR) was determined and then each subject un-
dertook a 3~5-min warm-up to prevent injury. Testing commenced when the subject had
returned to his or her resting HR. The testing program started with a 50 W load (a starting
load of 50 W was selected to prevent a risk to subjects due to an excessively high initial
load) at a cycling speed of 55–60 rotations/min. Maintaining this speed, the load was
increased by 50 W every 3 min until the subject reached exhaustion. The subject was
considered to have achieved maximum VO2 when one of the following criteria was met:
(1) no compensatory increase in oxygen intake upon load increase; (2) respiratory quotient
exceeded 1.1; (3) HR exceeded 180 beats/min; (4) a speed of 55–60 rotations/min could
not be maintained despite repeated encouragement. After the test, the data were recorded.
The subjects were instructed to rest for 5 min before being allowed to leave. During this
period, a measure of perceived exertion was attained by using the participants’ RPE scale
of perceived exertion and they were observed to ensure that they were not having an
abnormal reaction.

2.3. Exercise Intervention

Participants were randomized into exercise and control groups. Those in the exercise
group agreed to take part in exercise training four times a week for 9 weeks. The daily
exercise program consisted of a 10-min warm-up, 40 min of moderate-intensity endurance
training, and a 10-min cool-down/relaxation period. The exercise program design and
implementation were developed and monitored by two trained exercise coaches. We
employed a moderate-intensity aerobic load (60–69% of the maximum HR, where maxi-
mum HR = 220 − age in years), as defined by the American College of Sports Medicine
(2006) [19]. Exercise intensity was assessed with HR monitoring (BHT GOFIT; Beijing,
China) the monitors were pre-tested on five subjects before the intervention to ensure the
program was appropriate. A return visit was applied to the subjects in the control group.
If a subject participated in physical exercise of moderate intensity or above during the
intervention period (more than or equal to twice a week), this subject was not included in
the final statistical analysis.

2.4. Inhibitory Control Testing

Inhibitory control was assessed with a modified Eriksen Flanker task [20]. Briefly, a
series of English letters appeared on the screen under two conditions: congruent (FFFFF
and LLLLL); and incongruent (LLFLL and FFLFF). Participants were asked to identify the
middle letter as quickly as possible by pressing the F key or L key. The two conditions
were equally represented and randomly presented. The formal test was composed of
two blocks, and each block contained 48 trials, in which the duration of fixation was
500 ms, the duration of letter presentation was 1000 ms, and the stimulation interval was
2000 ms. There were 12 practice sessions before the formal test. A shorter response time
(RT) represented better inhibitory control.

2.5. Imaging Acquisition

Images were acquired on a 3-T magnetic resonance imaging (MRI) scanner (GE Discov-
ery MR750W) at the Affiliated Hospital of Yangzhou University. None of the subjects had
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participated in high-intensity physical exercise in the 48 hours prior to the scan. Participants
were told to stay relaxed and move as little as possible during the scan. Diffusion images
were acquired with an echo planar imaging sequence (acquisition matrix size = 112 × 112,
70 interleaved slices, voxel size = 2 × 2 × 2 mm3, field of view 224 × 224 mm2, repetition
time = 16,500 ms, echo time = 96.2 ms, flip angle = 90◦, three B0 images, 30 diffusion
weighted images, and a b value of 1000 s/mm2).

2.6. Image Analysis

PANDA (Pipeline for Analysing braiN Diffusion imAges) (http://www.nitrc.org/projects/
panda/), which has automated processing flows, was used to analyze diffusion images [21],
including data preprocessing and calculating mean DTI parameter values for whole WM
fibers. The preprocessing parameters were: local diffusion homogeneity = 7 voxels; normalizing
resolution = 2 mm; and smoothing kernel = 6 mm. The following specific data processes were
applied: format conversion, mask generation, image clipping, eddy current and head motion
correction, parameter calculation, spatial registration and Gaussian smoothing. Then, using
the atlas-based analysis, we normalized FA data in Montreal Neurological Institute space and
calculated regional DTI parameters by averaging values within each region of the ICBM DTI-81
atlas [22]. PANDA generates twelve Excel files after completing the automatic processing of
data under the folder ‘AllAtlasResults’, which contains the regional average values for diffusion
metrics images with a voxel size of 1 × 1 × 1 mm3 in the standard space. The values in Excel
were then copied to Statistical Package for the Social Sciences (SPSS) for statistics.

2.7. Experimental Procedure

A two-factor mixed experiment was carried out with a 2 (groups: exercise and control)
× 2 (time: before and after intervention) design. Group was a between-subject factor, while
time was a within-subject factor. Data were collected for three periods: pre-intervention
test, during the exercise intervention, and post-intervention test. All subjects completed
MRI scanning and cognitive testing before the exercise intervention in the pre-test period.
One week after completing the pre-intervention test, the exercise group commenced the
aforementioned 9-week exercise intervention, while the control group lived normally. After
the intervention, all subjects underwent a second MRI scan and cognitive test.

2.8. Statistical Analyses

All statistical analysis was implemented in SPSS 22.0 (IBM, Armonk, NY, USA). Mean
behavioral test values are reported with standard deviations (SDs). Independent sample
t tests and χ2 tests were used to compare demographic variables across the two groups.
Normal distribution test was performed before analysis of covariance. ANOVAs was
used to determine whether the two groups differed with respect to change in aerobic
fitness before versus after the exercise intervention, with post hoc paired sample t-tests to
detect intra-group differences. Repeated-measures analyses of variance (ANOVAs) were
performed to analyze effects of the intervention on WM integrity and inhibitory control,
with post hoc simple effect analyses. Pearson correlation coefficients (r values) were
calculated among changes in aerobic fitness, FA, and inhibitory control. p values < 0.05
were considered significant. Causal step regression [23] was used to test whether the
influence of aerobic fitness on inhibitory control was mediated by FA. Variables involved
in correlation and regression processes were converted into z-scores.

3. Results

3.1. Participants’ Characteristics

Of the 84 initially enrolled subjects, 59 completed the full study, including 24 freshmen
in the control group and 35 freshmen in the exercise group. The demographic data of the
exercise group and the control group are presented in Table 1. Due to the loss of data in
the control group, there was a significant inter-group difference (p < 0.05) in aerobic fitness
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at baseline. Therefore, we treated aerobic fitness at baseline as a covariate to exclude the
influence of baseline differences on the results.

Table 1. Participant demographics (M ± SD).

Variable Control Group Exercise Group p

N 24 35
male/female 9/15 15/20 0.68

age 18.5 ± 0.78 18.66 ± 0.48 0.39
BMI 22.46 ± 4.28 20.8 ± 2.22 0.09

aerobic fitness at baseline 24.07 ± 6.08 17.96 ± 4.41 0.00
HR during treatment 136.64 ± 7.77

3.2. Aerobic Fitness

Treating group as an independent variable, change of aerobic fitness as a dependent
variable, and aerobic fitness at baseline as a covariate, an analysis of covariance detected
a significant difference in aerobic fitness change between the two groups (F1,56 = 37.20,
p < 0.05, partial η2 = 0.571). Paired sample t-tests showed that the exercise group showed a
significant improvement in aerobic fitness from before (17.96 ± 4.41) to after (30.53 ± 6.45)
the exercise intervention (t = −12.03, p < 0.05), whereas the control group did not (pre-
intervention: 24.07 ± 6.08; post-intervention: 24.49 ± 6.57; t = −0.42, p > 0.05).

3.3. Inhibitory Control

Descriptive data for RT and accuracy are presented in Table 2. Two-way Repeated
Measures ANOVA, with baseline aerobic fitness as a covariate, revealed a significant
group × time interaction in RT in the incongruent condition of the inhibitory control task
(F1,56 = 25.63, p < 0.05, partial η2 = 0.314), but not in the congruent condition (F1,56 = 0.193,
p > 0.05, partial η2 = 0.003). Simple effect analysis revealed that RT was significantly
reduced in the exercise group (p < 0.05) and significantly increased in the control group
(p < 0.05) from the pre-intervention to the post-intervention test. We did not observe a
significant group × time interaction in accuracy in the inhibitory control task in either
the incongruent (F1,56 = 0.121, p > 0.05, partial η2 = 0.002) or the congruent (F1,56 = 0.817,
p > 0.05, partial η2 = 0.014) condition.

Table 2. Mean RTs and accuracy rates (M ± SD) in the Eriksen Flanker task by group.

Variable

Control Group (N = 24) Exercise Group (N = 35)

Pre-
Intervention

Post-
Intervention

Pre-
Intervention

Post-
Intervention

RT, ms
Congruent 486.24 ± 50.11 451.78 ± 61.34 501.39 ± 99.28 473.78 ± 48.40

Incongruent * 520.85 ± 41.96 560.96 ± 63.15 547.49 ± 48.36 507.09 ± 38.53

Accuracy, %
Congruent 95.57 ± 4.04 95.23 ± 5.05 95.77 ± 3.70 95.99 ± 3.15

Incongruent 93.84 ± 4.49 95.14 ± 5.20 94.32 ± 3.71 95.84 ± 3.23

* There is a significant group × time interaction (p < 0.05) under the incongruent condition.

3.4. WM Structure

Treating aerobic fitness at baseline as a covariate, ANOVAs of FA revealed significant
group by time interactions for the right corticospinal tract (Right CST) (F1,56 = 4.033, p < 0.05,
partial η2 = 0.067) and left superior fronto-occipital fasciculus (Left SFOF) (F1,56 = 5.682,
p < 0.05, partial η2 = 0.092) (Figure 1). Simple effect analysis indicated that the FA of the
right corticospinal tract presented an upward trend in the exercise group, but a downward
trend in the control group. Meanwhile, FA of the Left SFOF showed a downward trend
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and an upward trend in the exercise group and control group, respectively. The specific FA
values of the brain regions with significant interactions are listed in Table 3.

η
η

 

N N

− − − −

− − − −

− −

− − −

−

Figure 1. Brain regions with significant interaction effects on FA (p < 0.05). Abbreviations: R.CST, right corticospinal tract;
L.SFOF, left superior fronto-occipital fasciculus.

Table 3. FA values of the brain regions with interaction (M ± SD).

Brain Region
Control Group (N = 24) Exercise Group (N = 35)

Pre-Intervention Post-Intervention Pre-Intervention Post-Intervention

Right CST 0.561 ± 3.20 × 10−2 0.551 ± 3.07 × 10−2 0.557 ± 3.69 × 10−2 0.562 ± 3.65 × 10−2

Left SFOF 0.460 ± 3.11 × 10−2 0.470 ± 3.19 × 10−2 0.472 ± 3.20 × 10−2 0.465 ± 2.47 × 10−2

Note: Right CST, right corticospinal tract; Left SFOF, left superior fronto-occipital fasciculus.

3.5. Changes in Aerobic Fitness, FA, and Inhibitory Control

Aerobic fitness correlated inversely with FA of the L.SFOF (r = −0.26, 95% CI (−0.473,
0.032), p < 0.05), with increases in aerobic fitness being accompanied by L.SFOF FA de-
creases, but did not correlate significantly with FA of the right corticospinal tract (r = 0.06,
p > 0.05). Additionally, aerobic fitness correlated inversely with RT in the inhibitory con-
trol task (r = −0.45, 95% CI (−0.657, −0.213), p < 0.05), indicating that a higher aerobic
fitness level was predictive of better inhibitory control performance. Regression analysis
of the mediation model wherein aerobic fitness change and FA change of left superior
fronto-occipital fasciculus were treated as independent variables, while inhibitory control
change was treated as a dependent variable, yielded a non-significant (p > 0.05) regression
coefficient (−0.024), thereby invalidating the FA mediation model.

4. Discussion

The present study demonstrated that a 9-week aerobic exercise intervention, which
was confirmed to improve aerobic fitness, could induce changes in WM integrity and
inhibitory control in young adults. Specifically, the exercise group exhibited improved
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inhibitory control together with increased FA in right corticospinal tract and decreased
FA in left superior fronto-occipital fasciculus. The exercise-induced changes in aerobic
fitness correlated with observed effects on inhibitory control and FA of the Left SFOF.
However, regression analysis indicated that the altered FA of the Left SFOF, examined as
a potential mediator, could not account for the relationship between aerobic fitness and
inhibitory control.

4.1. Behavior

Three prior meta-analyses focusing on different age groups [24–26] showed that long-
term participation in aerobic exercise improved aerobic fitness in both healthy participants
and patients with mental illness [27] and cancer [28]. Our findings reinforce the notion that
exercise interventions improve aerobic fitness, specifically during early adulthood.

The view that exercise promotes inhibitory control has been supported by behavioral,
physiological, and imaging studies [29–31]. The exercise paradigm used in the present
study yielded RT improvement selectively in the incongruent condition of the Eriksen
Flanker task, without a concomitant significant improvement in accuracy. Prior studies in
children and in the elderly showed RT improvements in both incongruent and congruent
conditions. The more limited improvement in our study could be related to the ages of the
subjects. That is, in early adulthood, which is not long after puberty, brain morphology
and core cognitive abilities are more firmly established than in children, whereas elderly
participants are more likely to have acquired some mild cognitive deficits that may benefit
from exercise [32]. Furthermore, only the relatively more difficult of the conditions in the
Eriksen Flanker task, which is a relatively simple task, may have been sufficiently sensitive
to reflect a mild improvement in inhibitory control. In general, our behavioral data confirm
that exercise can improve aerobic fitness and inhibitory control in early adulthood.

4.2. WM Integrity

WM, which is composed of glial cells and myelinated neurons, matures mostly before
early adulthood, and myelin formation contributes to efficient neurotransmission through-
out the brain, which in turn improves cognitive function [12,33]. The most commonly
examined index of WM integrity is FA, with larger FA values representing greater diffusion
of water molecules in the axial direction than that in the radial direction within analyzed
WM tracts. Overweight children who participated in an exercise intervention were found to
have a significant increase in bilateral uncinate fasciculus FA after completing an 8-month
exercise program [34]. A recent study showed that a 12-week badminton intervention
increased FA in the posterior limb of the internal capsule and upper corona radiate in
participants in their mid-twenties [35]. The present study showed distinct sites of WM
changes relative to the sites of WM changes observed in these prior studies. Notwithstand-
ing, the increased FA of the right corticospinal tract observed in our study is consistent
with the findings of a prior cross-sectional study [12]. However, our finding of reduced
FA of the left superior fronto-occipital fasciculus after the exercise intervention was un-
expected. It might be related to the age of our subjects (18 to 20 years old). FA in tracts
of the frontal lobe peaks in late adolescence and 50% of corticospinal tract voxels reach
their FA peak at about 20 years old, followed by downward trends [36]. Thus, because the
FA of the left superior fronto-occipital fasciculus in our subjects would be at or near peak
developmental values, it may difficult to augment with an intervention. Alternatively, a
meta-analysis suggested that open-skill exercises may be more effective than closed-skill
exercises for mobilizing cognitive load and promoting inhibitory control improvement [37].
Badminton is an open-skill exercise wherein one needs to respond quickly to a dynamic
and unpredictable environment. Here, we employed a closed-skill exercise paradigm that
was relatively consistent and well controlled. Hence, WM integrity may be differentially in-
fluenced under different exercise intervention treatments. The presently employed 9-week
exercise intervention reshaped the WM integrity in young adults, an age group for which
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data were lacking. Longer-term studies are needed to clarify how exercise and fitness
improvement affect WM.

4.3. The Relationship between Improved Aerobic Fitness and Inhibitory Control Cannot Be
Explained by FA Alterations

Pair-wise correlation analysis demonstrated a significant correlation between in-
creased aerobic fitness and decreased RT in the Eriksen Flanker task. This finding fits
with prior research showing that individuals with high aerobic fitness perform better than
less fit individuals on various cognitive tasks. With respect to mechanism, authors of prior
studies have suggested that this relationship may be related to effects on brain functional
connectivity [38], prefrontal cortex thickness [39], and event-related potentials [5]. The
present work adds evidence of WM integrity changes to the potential mechanisms that
may contribute to aerobic fitness effects on cognitive performance.

Both FA of the right corticospinal tract and FA of the left superior fronto-occipital
fasciculus were found to have significant interaction effects in this study, with FA of the left
superior fronto-occipital fasciculus having a significant negative correlation with aerobic
fitness, while FA of the right corticospinal tract had only a non-significant trend toward a
positive correlation with aerobic fitness. By contrast, previous cross-sectional studies have
shown significant positive correlations between aerobic fitness and FA in adolescents with
a mean age of 14.3 years ([40] and in (older) young adults with a mean age of 28.8 years [2]).
The present study provides data for an intermediate group (mean age, 18.6 years), thus
supplementing the literature. The relationship between the changes in aerobic fitness and
changes in FA induced by an exercise intervention has not been examined in very early
adulthood previously. Meanwhile, our novel finding of a negative correlation between
aerobic fitness and FA of the left superior fronto-occipital fasciculus might be explained by
a reduction of FA in association with gaining fluency with an automated movement [41–44].
Furthermore, we found no correlation between changes in FA and RT reduction in the
Eriksen Flanker task. This negative finding may be due to our relatively small sample
size or short intervention duration. Recent studies have been inconsistent, with one study
showing a positive correlation between FA and inhibitory control [45], and another showing
that higher FA was associated with worse inhibitory control performance [46]. Future
studies with more rigorous experimental designs are needed to clarify whether there
is specificity regarding exercise interventions that lead to associations between FA and
aerobic fitness.

Our supposition that FA of the left superior fronto-occipital fasciculus may play a
mediating role in the influence of aerobic fitness on inhibitory control was not confirmed,
which may be due to the short duration of intervention or the specific characteristics of the
structural development phase of the brain in early adulthood. Early adulthood is a highly
plastic cognitive developmental period when people transition from secondary school
to social and economic independence, and thus is of particular interest for educational
decision-makers and researchers. Notably, WM developmental properties during this
phase of life are distinct from those during childhood, when there is more rapid WM
development, and also distinct from those during old age, when there are declines in WM
integrity [47,48].

4.4. Strengths and Limitations

A major advantage of our study is that an exercise intervention was employed as a
breakthrough point to explore the relationship between increased aerobic fitness, changes in
WM integrity, and inhibitory control improvement in early adulthood, extending the results
of previous cross-sectional studies. The conclusions of this study should be considered in
light of several limitations. First, aerobic fitness at baseline differed between the exercise
and control groups due to loss of subjects. Although aerobic fitness at baseline was treated
as a statistical covariate, it still could have impacted the accuracy of the results. In addition,
the loss of subjects leads to the reduction of sample size, which can be avoided as far
as possible in future studies to improve the reliability of the study. Second, there are
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additional indicators of WM integrity that were not analyzed in our study, including mean
diffusivity, radial diffusivity, and axial diffusivity. Further exploration of these indicators
could further clarify the relationships among aerobic fitness, WM integrity, and cognition.
Third, prior studies involving children [49] and elderly participants [3] adopted longer
term interventions (8 months and 12 months, respectively) than that used in this study. It is
possible that the 9-week intervention examined here was not sufficiently long in duration
to reveal a significant positive relationship between aerobic fitness and FA of the right
corticospinal tract. Therefore, the effects of higher exercise doses (duration, intensity, and
frequency) should be examined in the future. Finally, we only compared data across two
time points (pre-intervention and post-intervention). Because exercise-induced FA changes
may be nonlinear, future research should collect data at multiple time points during the
intervention process.

5. Conclusions

The present results showed that a 9-week exercise intervention that improves aerobic
fitness resulted in an improvement in inhibitory control performance and changes in
WM integrity in very young adults. Enhanced aerobic fitness correlated positively with
an inhibitory control performance parameter and correlated negatively with FA of the
left superior fronto-occipital fasciculus. However, a mediator role of altered FA in the
relationship between improved aerobic fitness and improved inhibitory control could not
be demonstrated. This work provides a reference for future research exploring the impact
of aerobic fitness on cognition from the perspective of WM integrity.
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Abstract: A single bout of aerobic exercise improves executive function; however, the mechanism(s)
underlying this improvement remains unclear. Here, we employed a 20-min bout of aerobic exercise,
and at pre- and immediate post-exercise sessions examined executive function via pro- (i.e., saccade
to veridical target location) and anti-saccade (i.e., saccade mirror symmetrical to a target) performance
and pupillometry metrics. Notably, tonic and phasic pupillometry responses in oculomotor control
provided a framework to determine the degree that arousal and/or executive resource recruitment
influence behavior. Results demonstrated a pre- to post-exercise decrease in pro- and anti-saccade
reaction times (p = 0.01) concurrent with a decrease and increase in tonic baseline pupil size and task-
evoked pupil dilations, respectively (ps < 0.03). Such results demonstrate that an exercise-induced
improvement in saccade performance is related to an executive-mediated “shift” in physiological
and/or psychological arousal, supported by the locus coeruleus norepinephrine system to optimize
task engagement.

Keywords: antisaccade; cognition; exercise; oculomotor; task-evoked pupil dilation; vision

1. Introduction

Top-down executive control includes response suppression, working memory, and cog-
nitive flexibility, and each component is essential for daily living [1]. A single bout of
aerobic and/or resistance training improves executive function [2,3] and is a benefit that
persists for up to 60 min [4]. A prominent mechanism associated with the benefit is an
exercise-mediated change in arousal [5]. Notably, arousal is a multidimensional construct
(i.e., physiological, cognitive/psychological, and affective components) [5], and little re-
search has examined the effect of exercise on the distinct factors clustered within the
term. A crucial component of cognitive/psychological arousal is the locus coeruleus nore-
pinephrine (LC-NE) system, which is a collection of noradrenergic neurons within the
brainstem that have an essential role in modulating the neural system’s level of alertness
and the brain’s attentional state [6]. Therefore, the present investigation sought to de-
termine whether a single bout of aerobic exercise influences LC-NE activity and how a
putative change may influence a post exercise benefit to executive function.

The LC-NE system influences sensory processing and cognition through the regulation
of attention [7]. Accordingly, behavioral and neuropsychological measures that reflect the
LC-NE system provide a framework to understand the mechanism(s) supporting the post
exercise improvement in executive function. The present work used concurrent behavioral
and pupillometry metrics of pro- (i.e., saccade to veridical target location) and anti-saccades
(i.e., saccade mirror symmetrical to a target stimulus) to examine pre- and immediate
post-exercise executive function. The basis for this was three-fold. First, behavioral and
electrophysiological studies have shown that antisaccades are mediated via an extensive
frontoparietal network [8] that shows task-dependent changes in activity following single
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and chronic bouts of exercise [9,10]. Second, antisaccades provide the necessary resolution
to detect subtle post exercise improvements in executive function (i.e., decreased reaction
times (RT)) across a range of exercise intensities and durations in healthy young and
older adults, as well as those at risk for cognitive decline [11,12]. Third, the pupil size
changes observed in the antisaccade task provide a proxy for task-dependent changes in
executive function (i.e., inhibitory control) and cognitive/psychological arousal [7,13,14].
Indeed, the locus coeruleus (LC) receives direct—and indirect—input from the prefrontal
cortex and the insula, which in turn influence the efferent gain throughout the cortical
and subcortical regions, serving sensorimotor and cognitive processing [15,16]. These
projections influence a biphasic pupil response that are indicative of arousal and executive
resource recruitment: a tonic (baseline pupil size) and a phasic (task-evoked pupil dilation:
TEPD) response [7,17]. During tasks that require a focusing of attention, neurons in the
LC exhibit moderate levels of tonic activation, which enable phasic bursts of activity
to occur that support the execution of a response to task-related events [7]. Arousal
modulates baseline pupil size in a manner resembling the classic Yerkes−Dodson inverted-
U relationship, and this influences TEPD and cognitive performance in a stereotypical
manner [17]. Previous work has demonstrated that increasing tonic activation decreases
phasic bursts, increases distractibility, and decreases performance (i.e., an increase in RT
and/or response errors), whereas suppressing tonic activation to moderate levels increases
phasic bursts, reduces distractibility, and improves performance (i.e., a decrease in RT
and/or response errors) [7,17]. Consequently, if tonic activation falls below this moderate
level, then task-relevant information is not processed and reflects a low level of alertness in
the neural system [6,7].

Here, we examined antisaccade performance and pupillometry metrics prior to and
following a 20-min single-bout of aerobic activity via a cycle ergometer at 80% of the
participants’ predicted maximum heart rate (HRmax: 220 minus age in years). In terms
of research predictions, if exercise enhances LC-NE system attentional modulation via a
reduction in cognitive/psychological arousal, then decreased post exercise antisaccade RTs
should be paired with a pre- to post-exercise decrease in baseline pupil size (i.e., suppression
of tonic activity to moderate levels) and a concomitant increase in TEPD (i.e., increased
task-evoked phasic bursts). Such a pattern of results would evince improved executive
control via a narrowing of selective attention and serve to optimize the processing of
task-relevant information. In contrast, if a post exercise improvement in antisaccade
planning is executive-specific and not related to a modulation of attentional control via
cognitive/psychological arousal, then decreased post exercise antisaccade RTs should
be paired with a post exercise increase in antisaccade TEPDs and no change in baseline
pupil size.

2. Materials and Methods

2.1. Participants

Sixteen (eight females in the age range of 20–26 years) members of the University of
Western Ontario community participated in this study. All were self-declared right-hand
dominant, had normal or corrected-to-normal vision, and no current or previous history
of neuropsychiatric or neurological impairment. Participants obtained a full score on the
Physical Activity Readiness Questionnaire (PAR-Q) and were “recreationally active” as
determined by the Godin Leisure-Time Exercise Questionnaire (GLTEQ; mean = 63, SD = 16,
min = 32, and max = 88). Participants refrained from caffeine and tobacco use 8 h prior to
participation. Participants signed a consent form approved by the Health Sciences Research
Ethics Board, University of Western Ontario, and this research was conducted according to
the Declaration of Helsinki.

2.2. Exercise Intervention

The exercise intervention involved a 20-min bout of aerobic exercise via a cycle
ergometer (Monark 818E Ergometer, Monark Exercise AB, Vonsbro, Sweden) at 80% of the
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participants’ HRmax. Prior to and after the intervention, a 2.5 min warm-up and cool down,
respectively, were performed at 50% of HRmax (Heath and Shukla, 2020). Heart rate was
continuously monitored during the intervention (Polar Wearlink and Coded Transmitter,
Polar Electro Inc., Lack Success, NY, USA), and the experimenter or participant adjusted
ergometer resistance to maintain a work rate in the prescribed intensity.

2.3. Oculomotor Task

Prior to and following the exercise session, participants sat on a height adjustable
chair in front of a table with their head placed in a head−chin rest. A 30-in LCD monitor
(60 Hz, 8 ms response rate, 1280 × 960 pixels; Dell 3007WFP, Round Rock, TX, USA)
was located at the participants’ midline and 550 mm from the front edge of the tabletop
and was used to present visual stimuli. Gaze position and pupil size of the left eye were
sampled at 1000 Hz (EyeLink 1000 Plus; SR Research Ltd., Ottawa, ON, Canada). Stimulus
presentation and data acquisition were controlled via MATLAB (R2018b, TheMathWorks,
Natick, MA, USA) and the Psychophysics Toolbox extensions (v. 3.0) [18], including the
EyeLink Toolbox [19]. Prior to data collection, a nine-point calibration was performed and
followed by a validation (i.e., <1◦ of error).

Visual stimuli were presented on a high-contrast black background (1 cd/m2) and
included a centrally presented red or green fixation cross (1◦). The color of the fixation was
equiluminant (42 cd/m2) and instructed the nature of the required response (i.e., prosac-
cade = green and antisaccade = red). Open white circles served as targets (2.7◦ diameter:
132 cd/m2) and were 13.5◦ (i.e., proximal) and 16.5◦ (i.e., distal) left and right of the
fixation, respectively, and in the same horizontal axis. The different eccentricities were
used to prevent participants from adopting stereotyped responses. A trial began with
the appearance of the fixation for 1000 ms, after which it was extinguished and a target
appeared 200 ms thereafter (i.e., gap paradigm). Targets were presented for 50 ms and
this brief presentation—in part –served to equate pro- and anti-saccades for the absence of
extraretinal feedback [20]. Target onset cued participants to pro- (i.e., saccade to veridical
target location) or anti-saccade (i.e., saccade mirror symmetrical to target location) “quickly
and accurately”. Pro- and anti-saccades, as well as stimulus location (i.e., left and right of
fixation at proximal and distal eccentricities), in each assessment were pseudorandomized
within a block of 80 trials. The intertrial interval was set to 2.5 s to ensure the pupil diameter
returned to baseline prior to the next trial [21].

Following the pre exercise oculomotor assessment, participants immediately com-
menced the exercise intervention, whereas the post exercise assessment began when partici-
pants’ heart rates were less than 100 beats per minute (i.e., <5 min following the cool-down).
Each oculomotor assessment required less than 10 min to complete.

2.4. Data Reduction, Dependent Variables and Statistical Analysis

Gaze position data were filtered offline via a dual-pass Butterworth filter employing a
low-pass cut-off frequency of 15 Hz. Filtered displacement data were used to calculate the
instantaneous velocities via a five-point central-finite difference algorithm. Acceleration
data were similarly obtained from the velocity. Saccade onset was determined when
velocity and acceleration exceeded 30◦/s and 8000◦/s, respectively. Saccade offset was
marked by a velocity of less than 30◦/s for 42 consecutive frames (i.e., 42 ms). Trials with
missing data (i.e., loss of signal >25% of fixation period), RT less than 85 ms, and/or an
amplitude less than 2◦ or greater than 26◦ were excluded from the data analysis (<10%
of trials).

Pupil data were filtered offline via a 10 Hz low-pass filter. Trials missing more than
40% of data or an eye position deviation more than 2◦ from the fixation during the initial
fixation period (i.e., 0–1200 ms after fixation cross onset) were excluded from the analyses.
A blink correction algorithm involving linear interpolation beginning 50 ms before the blink
and ending 150 ms after the blink was used to avoid task-uncorrelated high-frequency
changes in pupil size [22]. A pupil size greater than 2.5 standard deviations from a
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participant’s mean were also removed (<15% of trials). Notably, for all participants, at least
76% of trials were available for the statistical analyses. At least 20 trials remained for each
condition from each participant. Because video-based tracking systems can distort pupil
size following changes in gaze location, this measure was restricted to epochs involving
central fixation and prior to saccade initiation (i.e., when gaze was located at the center
of the screen). In line with previous work, [14,23,24] pupil size was determined in three
epochs prior to saccade initiation (i.e., when gaze was located at the center of the screen):
(1) the start of the visual fixation (FIXst; 100–300 ms after fixation onset), (2) maximal
pupil constriction (CONmax; 650–750 ms after fixation onset), and (3) end of gap (GAPend;
150–200 ms following gap onset; Figure 1).

Figure 1. Panel A shows the timeline of visual and motor events for pro- and anti-saccades. A single
target eccentricity is depicted to the right of the fixation; however, in the current study, two eccentric-
ities were employed and the targets are presented left and right of the fixation. Panel B presents the
epochs for the pupil analysis: fixation start (FIXst; 100–300 ms after fixation onset), maximal pupil
constriction (CONmax; 650–750 ms after fixation onset), and gap end (GAPend; 150–200 ms after gap
onset). The solid black line in Panel B depicts the time course change in the absolute pupil diameter.

Dependent variables included the reaction time (RT; time from response cueing to
saccade onset), saccade duration (time from saccade onset to saccade offset), percentage of
directional errors (i.e., the percentage of trials involving a prosaccade instead of instructed
antisaccade and vice versa), baseline pupil diameter (average pupil diameter during FIXst),
and task evoked pupil dilation (TEPD; GAPend minus CONmax). Dependent variables were
analyzed via two (assessment: pre- and post-exercise) by two (task: pro- and anti-saccade)
fully repeated measures ANOVA (p < 0.05). An alpha level of 0.05 was used for statistical
significance, and simple-effects (i.e., paired-samples t-tests) were employed to decompose
the main effects and interactions.

3. Results

The RT results yielded a main effect for the assessment (F(1,15) = 8.70, p = 0.01,
and ηp

2 = 0.37) and task (F(1,15) = 34.9, p < 0.01, and ηp
2 = 0.7). The prosaccade RTs

(260 ms, SD = 42) were shorter than the antisaccades (302 ms, SD = 36; Figure 2A), and the
difference scores in Figure 2B show that RTs for the pro- and anti-saccades decreased from
the pre- to post-exercise assessments. Directional errors also demonstrated a main effect of
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task (F(1,15) = 6.07, p = 0.026, and ηp
2 = 0.29), such that the prosaccades produced fewer

directional errors (4%, SD = 4) than the antisaccades (9%, SD = 6; Figure 2C). Difference
scores in Figure 2D show that this result did not vary from pre- to post-exercise assessments:
(F(1,15) = 0.06, p = 0.804, and ηp

2 < 0.01). In terms of the saccade duration, the grand mean
was 55 ms (SD = 0.6) and no reliable main effects or interactions were observed (all
F(1,15) < 0.47, ps > 0.5, and all ηp

2 < 0.03).

η η

η

η

η

Figure 2. Group mean reaction time (RT) (A) and directional errors (C) for pro- and antisaccades at pre- and postexercise
assessments. The offset panels show an RT (B) and directional error (D) difference scores (postexercise minus pre-exercise)
with error bars representing 95% between-participant confidence intervals (B). An absence of overlap between the error
bars and zero (i.e., horizontal dashed line) indicates a reliable difference inclusive to a test of the null hypothesis.

Baseline pupil diameter produced a main effect of assessment (F(1,15) = 11.95, p = 0.004,
and ηp

2 = 0.44), whereas TEPD demonstrated the main effects for the assessment (F(1,15) = 5.97,
p = 0.027, and ηp

2 = 0.29) and task (F(1,15) = 4.58, p = 0.049, and ηp
2 = 0.23). Figure 3C,E

show that baseline pupil diameter and TEPD decreased and increased, respectively, from
pre- to postexercise assessments. As expected, the baseline pupil diameter did not sig-
nificantly differ between the pro- and antisaccades (Figure 3A), while the TEPDs for the
prosaccades were less than TEPDs for the antisaccades (Figure 3B).
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−

Figure 3. Group mean absolute pupil diameter (A) and task-evoked pupil dilation (B) for pro- and anti-saccades at pre-
and postexercise assessments. Group mean difference scores (postexercise minus pre-exercise) for pupil diameter (C) and
task-evoked pupil dilation (E). Baseline corrected pro- (solid lines) and antisaccade (dashed lines) pupil size changes by
time traces for an exemplar participant during pre- (black lines) and postexercise (grey lines) assessments (D). Error bars
represent 95% between-participant confidence intervals.

4. Discussion

The pro- and antisaccade RTs decreased from pre- to postexercise assessments. In terms
of the antisaccade findings, the decrease in RT was independent of any change in sac-
cade duration or directional errors—a result evincing that improved planning times were
unrelated to a speed−accuracy trade-off. These results support previous work by our
group [12,25], and provide convergent evidence that a single bout of aerobic exercise
improves executive function. It is, however, important to recognize that prosaccade RTs
also decreased from pre- to postexercise—a finding not observed in previous work. In
reconciling this discrepancy, we note that previous work examined pro- and anti-saccades
in separate blocks, whereas the current work randomly interleaved task-type on a trial-
by-trial basis—a necessary manipulation to prevent TEPD attenuation due to task pre-
dictability [26]. As such, the current paradigm not only required the executive demand of
response suppression for antisaccade trials, but also the executive component of cognitive
flexibility (i.e., task-switching) across antisaccades and prosaccades [13,23,27]. Furthermore,
and given that cognitive flexibility and task-switching efficiency elicits a robust postexercise
benefit [4,28], it is possible that the postexercise decrease in prosaccade RTs observed here
reflects a global benefit to executive function.

Wang and colleagues [14] established that interleaved pro- and anti-saccades produce
equivalent baseline pupil sizes; however, the latter task-type was associated with larger
TEPDs. The increased TEPDs for antisaccades, in combination with single-cell recording
work in non-human primates [29,30], has been taken to evince that TEPDs are a direct
neural proxy for the increased executive demands of the antisaccade task (i.e., response
suppression). In support of Wang et al. [14], we found that pre- and postexercise TEPDs
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were larger for antisaccades than prosaccades. Of course, the goal of the present work
was to extend Wang et al.’s results in determining whether an exercise intervention mod-
ulates pro- and antisaccade TEPDs. To that end, our results demonstrate that baseline
pupil size and TEPDs decreased and increased, respectively, from pre- to post-exercise.
In accounting for this, Aston-Jones and Cohen [7] proposed that the modulation of activ-
ity in the LC-NE system underlies an optimal range of arousal (i.e., tonic activity) that
serves to enhance neural gain (i.e., phasic activity) in executive-related cortical structures.
Specifically, the activation pattern of the LC-NE system exhibits a causal relationship with
behavioral performance and attention. Indeed, microinjection experiments in non-human
primates have demonstrated that increasing the tonic activation of the LC-NE system
via injection of a muscarinic cholinergic agonist increases distractibility, reduces phasic
responsiveness, and decreases performance [7]. In contrast, suppressing tonic activation
to moderate levels via the injection of an adrenoreceptor agonist decreases distractibility,
increases phasic responsiveness, and increases performance. Bouret and Sara [6] proposed
that these moderate levels of tonic activity in the LC entrains other neural systems to reduce
responsiveness to irrelevant stimuli, thus preventing distractions, with the task-related pha-
sic bursts of activity serving to selectively facilitate goal-directed behaviors by providing a
brief attentional filter. Accordingly, we propose that the postexercise decrease in pro- and
anti-saccade RTs, combined with the decrease in preparatory phase tonic pupil size, reflect
an optimal modulation of the LC-NE system. Importantly, this modulation is proposed to
underly enhanced attentional control via the processing of task-relevant information and
increased phasic recruitment of executive control networks supporting saccade generation.

An alternate account for the observed pupillometry findings is that the increased
TEPDs across both pro- and anti-saccades reflect a broader improvement to general cog-
nition. Our paradigm employed an interleaved pro- and antisaccade condition that in-
troduced the executive component of cognitive flexibility. Our paradigm employed an
interleaved pro- and antisaccade condition that introduced the executive component of
cognitive flexibility. In line with the RT findings, the current prosaccade TEPD results pro-
vide evidence of a postexercise benefit to cognitive flexibility and task-switching efficiency.
In support of this, previous work by our lab involving a blocked pro- and antisaccade
paradigm with the same target eccentricities demonstrated a selective postexercise anti-
saccade benefit [13,23,27]. Additionally, another study involving concussed individuals
demonstrated evidence of suppressed pro- and antisaccade RTs in a similar interleaved
saccade paradigm that were proposed to reflect a concussion-related dysfunction to in-
hibitory control and cognitive flexibility [23]. Taken together, this evidence supports the
stance that the current findings reflect a global improvement to executive function rather
than a broader improvement to general cognition.

We note that our work contradicts the postexercise pupillometry results reported in
a similar study by McGowan and colleagues [31]. This work examined the behavioral,
electrophysiological, and pupillometric changes in response to the Eriksen flanker task
before and after a 20-min bout of either aerobic exercise (i.e., 70% of the age-predicted
maximum heart rate) or an active-control condition (i.e., walking on a treadmill at the lowest
speed (0.5 mph) and incline (0 settings)). The discrepant findings may be accounted for by
several between-experiment differences in methodology. First, the computation of TEPD
in the current study was based on a baseline correction with CONmax (i.e., maximal pupil
contraction)—a necessary procedure to control for pupil size variability in response to the
pupillary light reflex associated with stimulus presentation [14,32]. In contrast, McGowan
et al. employed a baseline correction for the initial size of the pupil prior to stimulus
presentation. Although McGowan et al.’s procedure provides a normalization of pupil size
change with respect to stimulus/task onset, it does not account for the additional variability
that an individual’s pupillary light reflex contributes to pupil size once a TEPD response
emerges [14,32]. Second, to maintain an accurate measure of the pupil size, the selected
epochs for pupil analysis in the current study were either during the central fixation period
or before saccade initiation; that is, when the eye position was located at the center of the
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screen and no other motor responses were being completed. In contrast, McGowan et al.
selected a pupil epoch that included a manual motor response associated with the task,
and it is unknown if the participants’ eye positions were fixated and directed to the center
of the screen during this epoch. Finally, McGowan and colleagues employed the letter
versions of the Eriksen flanker task, whereas the current study employed an interleaved
pro- and antisaccade task. The benefit of the saccade paradigm used here is that it provides
a directed measure of executive function without introducing concurrent non-executive
task processes such as receptive language (i.e., letter identification), and does not result in
larger manual-motor movements from impacting pupil responses and measurement [22].

Study Limitations

We recognize that our findings are limited by at least three methodological factors.
First, the current study did not employ a non-exercise control condition. As a result,
we cannot directly assert that the post exercise changes in saccade performance and pupil-
lometry metrics are specific to exercise or underlie a practice-related improvement in
the current task. With that being said, our lab has repeatedly shown that a non-exercise
control condition does not exhibit a practice-related improvement in pro- or antisaccade
performance measures when performed in separate blocks [11,12] or randomly interleaved
trials [4,23,28]. Specifically, three studies by our group [12,25,28], employing null hypoth-
esis testing in conditions involving exercise (same exercise intensity used in the current
study) and control (rest) conditions, reported that antisaccade RTs reliably decreased from
to pre- to postexercise (all ps < 0.001; all dz > 1.10), whereas no reliable change was associ-
ated with the pre- to post-rest assessments (all ps > 0.50, all dz < 0.14). Moreover, here, we
computed supplementary two one-sided test (TOST) statistics from our group’s previous
work, and the results showed that pre- to post-rest antisaccade RTs for Samani and Heath
(t(24) = 1.79, p = 0.043) [12], Heath and Shukla (t(17) = 2.07, p = 0.027) [28], and Tari et al.
(t(14) = 1.88, p < 0.044) [25] were all within an equivalence boundary. Accordingly, null
and equivalence tests from previous work support the direct assertion that antisaccade
performance metrics do not relate to a practice-related improvement; rather, the results
indicate that improved antisaccade RTs are specific to an exercise intervention. As such,
we believe that the current findings, in combination with the extant literature, support the
view that the oculomotor changes reported here reflect the exercise intervention. Second,
the participants were young and reported a healthy lifestyle as determined via the PAR-Q
and GLTEQ. It is therefore unknown whether populations outside this age range and
fitness level would demonstrate a comparable postexercise improvement in arousal and
executive function. Lastly, the postexercise assessment was completed within 15-min of the
exercise intervention. Therefore, it is unclear whether the executive “boost” associated with
LC-NE system modulation persisted beyond 15 min. In a follow-up study, we will examine
pro- and antisaccade performance and pupillometry metrics across a range of post exercise
intervals (i.e., immediate, for 30, 45, and 60 min) to determine the time frame through
which a single bout of exercise modulates LC-NE activity and supports a postexercise
benefit to executive function.

5. Conclusions

The present findings demonstrate that a 20-min single-bout of moderate-intensity
aerobic exercise improved task-related arousal and preparatory activity in pro- and an-
tisaccades. Specifically, the results demonstrated a pre- to postexercise decrease in pro-
and antisaccade RTs, decreased tonic baseline pupil size, and increased phasic TEPDs.
The results demonstrate that exercise-related saccade performance improvements are as-
sociated with a decrease in cognitive/psychological arousal—closer to an optimal level
for task engagement—and augmented phasic recruitment of executive control resources.
Accordingly, our findings provide evidence to suggest that the modulation of the LC-NE
system is a mechanism underlying exercise-induced enhancements in cognition.
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Abstract: The beneficial effects of regular physical activity (PA) on cognitive functions have received
much attention. Recent research suggests that regular PA may also enhance creative thinking, an
indispensable cognitive factor for invention and innovation. However, at what intensity regular
PA brings the most benefits to creative thinking remains uninvestigated. Furthermore, whether the
levels of regular PA affect the acute PA effects on creative thinking is also unclear. In the present
study, using a previous dataset that investigated the effects of an acute bout of aerobic exercise
on creative thinking in healthy Japanese young adults (22.98 ± 1.95 years old) in the year 2020,
we tested the association between different intensities of regular PA (i.e., vigorous, moderate, and
walking) and creative thinking with the cross-sectional baseline data using multiple linear regression.
We also investigated whether regular PA levels were associated with the acute aerobic exercise
intervention effects on creative thinking. The results showed that cross-sectionally, the regular PAs
were differentially associated with divergent but not convergent thinking. Specifically, whereas
the amount of vigorous-intensity PA was positively associated with fluency and flexibility, the
amount of walking was positively associated with novelty on the alternate uses test (AUT) measuring
divergent thinking. Importantly, the explained variances of fluency, flexibility, and novelty were
20.3% (p = 0.040), 18.8% (p = 0.055), and 20.1% (p = 0.043), respectively. None of the regular PAs
predicted convergent thinking (i.e., an insight problem-solving task), nor were they associated with
the acute aerobic exercise intervention effects on divergent and convergent thinking. These findings
suggest that engaging in regular vigorous-intensity PA and walking may be useful strategies to
enhance different aspects of divergent thinking in daily life.

Keywords: international physical activity questionnaires; exercise; creativity; divergent thinking;
alternate uses test; convergent thinking

1. Introduction

The World Health Organization (WHO) recommends that adults aged 18–61 years
should conduct at least 150 min of moderate-intensity physical activity (PA), 75 min of
vigorous-intensity PA, or an equivalent combination of both moderate- and vigorous-
intensity PA [1]. In line with this recommendation, a growing body of research has con-
firmed that engaging in regular PA enhances a wide range of cognitive functions, including
attention, executive functions, memory storage and retrieval, and so on (for reviews and
meta-analyses, [2–5]). Potential neurobiological mechanisms of such benefits include the
activation of the prefrontal cortex and the release of lactate, cortisol, neurotrophins, and
neurotransmitters (see the above reviews for details). However, little is known about the
effects of PA on creative thinking.
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Creative thinking is generally believed to comprise two fundamental cognitive pro-
cesses: divergent and convergent thinking [6–8]. Divergent thinking involves generating
multiple, novel solutions and is commonly assessed by the alternate uses test (AUT, [9]) or
the Torrance Tests of Creative Thinking [10]. In the AUT, for instance, subjects are asked to
write down as many as possible unique, original uses of common objects such as “brick”
and “umbrella”. The number of generated uses (known as fluency), the number of different
conceptually categories of the uses (known as flexibility), and the rareness of the uses
(known as originality) are frequently used as indicators of divergent thinking. In contrast,
convergent thinking involves approaching a single correct solution [6] and is often assessed
by the remote associates test (RAT, [11]), the compound remote associates test (CRA, [12]),
or insight problem-solving quizzes (e.g., matchstick arithmetic problems, [13]). In the CRA,
subjects are asked to think of a single word that is associated with each of three given
words, for instance, “time”, “hair”, and “stretch” (the answer is “long”). In the matchstick
arithmetic problem, several sticks form a false arithmetic equation and subjects are asked to
move a single stick to make the equation correct. It has been suggested that divergent and
convergent thinking differ in such a way that the latter relies more on top-down, executive
control [14]. Since both divergent and convergent thinking are indispensable for invention
and innovation [6–8], the development of effective strategies to enhance creative thinking
may have great social significance.

We have recently conducted a systematic review of studies on acute PA and creative
thinking and concluded that acute PA has the potential to enhance divergent and conver-
gent thinking (see Introduction and Supplementary Materials of Aga et al. (2021) [15]). For
instance, a recent study showed that compared to stay seated, a 4-min walk on a treadmill
or outdoors increased the originality of divergent thinking, without affecting performance
on CRA that measured convergent thinking [16]. However, acute PA at too low an intensity
may not reliably enhance divergent and convergent thinking, while at too high an intensity,
it may impair divergent and convergent thinking. We further conducted a randomized con-
trolled trial and showed that a 15-min physical test program improved divergent thinking
(in terms of flexibility on the AUT) independent of post-exercise mood [15]. In contrast, the
program affected convergent thinking (matchstick arithmetic problems) in a post-exercise
mood-dependent way: it tended to enhance convergent thinking in subjects reporting high
vigor but impair convergent thinking in those reporting low vigor [15].

However, to the best of our knowledge, the effects of regular or chronic PA on creative
thinking has not been systematically reviewed so far. Whereas the effects of acute PA are
transient, those of regular PA are long lasting and may be more valuable for long-term
enhancement of creative thinking. We, therefore, searched (1) interventional studies that
investigated the effects of multiple sessions of PA interventions on creative thinking and
(2) observational studies that investigated the association between the levels of regular
PA and creative thinking (see the literature search strategy described in the footnote of
Table S1). As a result, we identified six interventional studies ([17–22], see Table S1) and
four observational studies ([23–26], see Table S2).

To summarize the findings, the identified interventional studies consistently reported
significant enhancing effects of PA programs lasting 6–12 weeks (weekly 2–5 sessions)
on one or several measures of divergent thinking, such as fluency (i.e., the number of
generated uses) on AUT and figural fluency on TTCT [17–22]. However, two studies
that evaluated convergent thinking with matchstick puzzles failed to find any effects of
similar PA programs [17,18]. Similarly, the identified cross-sectional studies consistently
found positive associations between self-reported or actigraph-monitored regular PA and
measures of divergent thinking in all or a subgroup of subjects [23,24,26] but not convergent
thinking (i.e., insight problem-solving quizzes, [25]).

Although the results of our systematic review indicate beneficial effects of regular PA
on creative thinking (especially for divergent thinking), the influence of PA intensity or, in
other words, at what intensity regular PA brings the most benefits remains unclear. None
of the identified interventional studies specified the intensity of their PA programs. Two of
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the cross-sectional studies did differentiate the intensity of regular PA, but the results were
inconclusive. Rominger et al. (2020) [24] reported a significant correlation between total,
no-to-light, and moderate but not vigorous and very vigorous everyday bodily movement
(EBM) and divergent thinking. However, given the frequently observed correlation among
different intensities of regular PA [25], the independent effects of different intensities of
regular PA on divergent thinking were unknown in this study. Nakagawa et al. (2020) [25]
included measures of walking and moderate- and vigorous-intensity PA in a regression
model to predict convergent thinking evaluated with insight problem-solving quizzes
but failed to find any significant effects. The lack of evidence on the relation between
regular PA intensity and creative thinking is unfortunate because intensity is a critical and
frequently discussed issue in PA prescription and planning for enhancing cognitive and
mental health [25,27].

Furthermore, none of the studies we reviewed have examined the interaction effect
between regular and acute PA on creative thinking. In the field of PA and mood, studies
have reported that subjects with high levels of regular PA may show more enhanced
mood in response to a new, acute bout of PA [28,29]. However, there were also studies
suggesting that this difference only occurs when conducting high- but not low-intensity
acute PA [30,31] or that the psychological effects of acute PA are independent of regular PA
altogether [32]. Clarifying the interaction effect between regular and acute PA on creative
thinking may provide insights into the mechanism by which regular PA enhances creative
thinking, and if the interaction effect does exist, it will be worthy to be carefully considered
during PA prescription and planning.

Therefore, in the present study, we conducted a secondary analysis of a previously
published study [15] that investigated the effects of an acute bout of aerobic exercise on
divergent and convergent thinking. Specifically, we tested three hypotheses. First, the
cross-sectional associations between regular PA and divergent and convergent thinking are
different such that regular PA is only associated with divergent thinking. Second, different
intensities of regular PA may have distinct associations with divergent thinking. Third,
regular PA may affect the acute aerobic exercise intervention effects on creative thinking.
To our knowledge, this is the first study that evaluated the independent effects of different
intensities of regular PA on divergent thinking and the first study that investigated whether
regular and acute PA interact to affect divergent and convergent thinking.

2. Materials and Methods

2.1. Participants and Procedure

The study was approved by the Institutional Review Board of Yamaguchi Univer-
sity Hospital and preregistered on the University hospital Medical Information Network
Clinical Trial Registry (UMIN-CTR, register ID: UMIN000041122). The study was carried
out following the latest version of the Declaration of Helsinki, and all subjects agreed to
participate in the study and provided written informed consent. The characteristics of
the participants and procedure of the intervention have been described in [15]. In brief,
the study was a randomized controlled trial using a between-subjects pre-test–post-test
comparison design. Based on a priori power analysis, forty healthy subjects (all under-
graduate students, 11 females, 29 males, age: 22.98 ± 1.95 years) were recruited via posters
placed on campus and department homepage and through word-of-mouth during the
period of July–October 2020. The inclusion criteria were being 20–29 years old at the time
of the visit and the exclusion criteria were (1) reporting any history of diseases that greatly
affect cardiopulmonary functions, such as chronic heart failure, (2) currently suffering from
any mental illness or being scheduled to receive any medical examinations due to suspi-
cion of mental illness, (3) being a member of our department who receives the personnel
evaluation directly by the principal investigator of this study, and (4) being judged to be
unsuitable for this study (e.g., bodyweight exceeding the applicable weight of the exercise
bike). No participant was excluded due to meeting any of the exclusion criteria.
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As shown in Figure 1, subjects first filled out a form assessing their age, sex, education
level, regular PA, and so on. Subjects then performed tests of creative thinking at baseline,
after which they were randomized to receive either the acute aerobic exercise intervention or
control intervention. Immediately after the intervention, subjects rated their mood in terms
of pleasure, relaxation, and vigor and, then, conducted tests of creative thinking again.

Figure 1. Schematic illustration of the procedure. Adapted from [15].

2.2. Measures of Regular PA

The international physical activity questionnaire long-form (IPAQ, [33]) was employed
here. The IPAQ has been translated into many languages including Japanese, and its relia-
bility and validity have been established by Craig et al. (2003) [33]. The IPAQ asks subjects
to indicate the duration and frequency of different intensities (i.e., walking, moderate, and
vigorous) of PA within four different domains (i.e., occupational, transport, household,
and leisure related) during the past seven days. To investigate the independent effects of
different intensities of regular PA, we calculated the total amount of PA (minutes/week)
for each intensity, respectively. Furthermore, we calculated the total weekly PA metabolic
equivalents (MET-minutes, hereafter referred to as total PA), by weighting the amount of
PA of each intensity (minutes/week) with a MET energy expenditure estimate assigned to
each intensity (8 for vigorous, 4 for moderate, and 3.3 for walking).

2.3. Measures of Creative Thinking

Divergent thinking was measured with the AUT [9]. In this test, subjects were pre-
sented with three common objects and asked to write down as many as possible uncommon,
original, and unique uses of those objects within 4 min on an A4 size blank paper. We
calculated the fluency, flexibility, and originality for each subject [34,35]. Fluency was the
number of generated uses, flexibility was the number of different conceptual categories
the uses are from, and originality was the rareness of the generated uses here defined as
the number of conceptual categories. After sufficient training [36] under the supervision
of the corresponding author, a primary coder scored all responses and a secondary coder
scored responses of a randomly selected object; the two coders (both were undergraduate
research assistants enrolled in the medical department) reached a substantial or almost
perfect agreement, indicated by Cohen’s κ = 0.936 for flexibility and Cohen’s κ = 0.706
for originality.

Convergent thinking was evaluated with the matchstick arithmetic problems devel-
oped by Knoblich et al. [13]. At pre-test, six problems were presented, and subjects had
12 min to solve these problems. The unsolved problems were presented again at post-text,
together with another set of creative problem-solving puzzles that require visuospatial
and logical reasoning [37]. To measure the intervention effects, we created two measures
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of convergent thinking for data analysis: one was a creative problem-solving (CPS) score
consisting of matchstick arithmetic problems at pre-test and creative problem-solving
puzzles at post-test; the other was a matchstick re-test score obtained at post-test only
and calculated as the proportion of correctly solved problems that they failed at pre-test
(subjects that correctly solved all problems at pre-test were removed from this analysis).

2.4. Intervention

For the acute aerobic exercise intervention, we used an automated physical test
program built in an exercise bike (Wellbike BE-260, Fukuda Denshi, Tokyo, Japan). The
program lasted 15 min and consisted of 10 min of physical test and 5 min of cooldown.
This was essentially a graded exercise program designed for convenient physical testing.
Under this program, subjects sat quietly on the bike during the first minute to measure
their resting pulse, after which they started pedaling at a pace of 50 rpm. The workload
increased at 4 and 7 min after the start of the program according to the pulse rate of the
subjects at the moment. This program was chosen as the exercise intervention because
its workload was predicted to fall between normal cycling at moderate intensity and
intense cycling with maximal effort, two intensities tested by Colzato et al. (2013) [38].
Exercise at this intensity was believed to improve subjects’ mood and be more likely to
enhance creative thinking [15]. Subjects’ heart rate was monitored with an Apple Watch
Series 4 (Apple Inc., Cupertino, CA, USA). The mean heart rate was 118.25 (standard
deviation or SD 11.93) bpm, the maximal heart rate was 158.65 (SD 13.00) bpm, and the
heart rate in the last minute of the program was 102.31 (SD 11.93) bpm. The details of the
exercise intervention are available in [15]. For the control intervention, we asked subjects
to read mood-neutral materials on the association between PA and brain functions at
a self-selected pace. The mean, maximal, and last-minute heart rate under the control
intervention were 75.10 (SD 11.27), 89.70 (SD 12.18), and 75.53 (SD 12.40) bpm, respectively.
Both interventions were conducted by an undergraduate research assistant under the
supervision of the corresponding author.

2.5. Statistical Analysis

The statistical analysis was conducted with IBM SPSS Statistics 26.0. To investigate
the association between regular PA and creative thinking at baseline, we combined subjects
from the exercise and control groups together (n = 40). The normality of the data was
checked using the Shapiro–Wilk test. Due to non-normal distribution of total PA, Spearman
correlation analysis was used to examine the association between total PA and creative
thinking at baseline as well as the acute aerobic exercise intervention effects. Confidence
intervals (CI) for the Spearman correlation coefficients were calculated based on [39]. Multi-
ple linear regression was used to evaluate the independent effects of different intensities of
regular PA on creative thinking at baseline and the acute intervention effects. The normal P-
P plot of regression standardized residual was confirmed and shown in Figures S1 and S2.
We did not detect any obvious multicollinearity (i.e., variance inflation factors all <5) or
homoscedasticity issue with the multiple linear regression. Given that we had a small set
of predictors (i.e., three) and that we were not clear which was the best predictor, we used
the standard “Enter” method for the multiple linear regression. A significance level of
p < 0.05 was used.

3. Results

3.1. Regular PA and Divergent and Convergent Thinking at Baseline

Spearman correlation analysis indicated that total PA was marginally associated
with fluency (rho = 0.293, 95% CI= [−0.027, 0.559], p = 0.067) and flexibility (rho = 0.283,
95% CI = [−0.038, 0.551], p = 0.077) but not novelty (rho = 0.237, 95% CI = [−0.085, 0.514],
p = 0.142) on AUT of divergent thinking (Figure 2). Total PA was not associated with the
matchstick pre-test measure of convergent thinking (rho = 0.091, 95% CI= [−0.228, 0.392],
p = 0.575).
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Figure 2. Scatterplot of the association between total PA and creative thinking at baseline. (a) Fluency. (b) Flexibility.
(c) Novelty. (d) Matchstick pre-test.

To investigate the independent effects of different intensities of regular PA on creative
thinking at baseline, we incorporated all three intensities of regular PA as independent
variables to predict creative thinking using multiple linear regression models (Table 1). The
results showed that whereas the amount of vigorous-intensity PA positively predicted flu-
ency (p = 0.016) and flexibility (p = 0.032), walking positively predicted novelty (p = 0.016)
on AUT measure of divergent thinking. Notably, the models explained 18.8–20.3% vari-
ances of the AUT measures. A partial regression plot of the associations is shown in
Figure 3. In contrast, the model incorporating all three intensities of regular PA did not
predict convergent thinking (p = 0.976).

Table 1. Multiple linear regression results using intensity-specific regular PA to predict creative
thinking at baseline.

Dependent Variables
Divergent Thinking (AUT) Convergent Thinking

Fluency Flexibility Novelty Matchstick Pre-Test

Independent
variables

Vigorous 0.382 * 0.342 * 0.253 0.062
Moderate 0.031 0.046 0.080 −0.028
Walking 0.262 0.283 0.378 * −0.039

F(3,36) 3.062 2.774 3.013 0.070
Model statistics R2 0.203 0.188 0.201 0.006

p 0.040 * 0.055 + 0.043 * 0.976
Note: Standardized coefficients are presented here. The unstandardized coefficients and their 95% confidence
intervals are reported in Table S3. Vigorous refers to vigorous-intensity PA; moderate refers to moderate-intensity
PA. * p < 0.05; + p < 0.06.

124



Brain Sci. 2021, 11, 1046

Figure 3. Partial regression plot of the association between different intensities of regular PA and creative thinking at
baseline. (a) Vigorous-intensity PA and fluency. (b) Vigorous-intensity PA and flexibility. (c) Walking and novelty.

3.2. Regular PA and Acute Aerobic Exercise Intervention Effects

Spearman correlation analysis indicated that total PA was not associated with any of
the acute intervention effects on divergent or convergent thinking in either the exercise (all
p > 0.09) or control (all p > 0.50) group.

We next included all three intensities of regular PA as independent variables to predict
the acute intervention effects using multiple linear regression models (Table 2). The results
showed that the amount of different intensities of regular PA did not predict the change in
divergent or convergent thinking in response to the acute aerobic exercise intervention (all
p > 0.30). However, in the control group, the amount of moderate-intensity PA positively
predicted the matchstick retest measure of convergent thinking in response to the control
intervention (p = 0.024, Figure 4a). This was not due to a low score at pre-test, as moderate-
intensity PA did not predict matchstick pre-test scores (p = 0.856, Figure 4b).
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Table 2. Multiple linear regression results using intensity-specific regular PA to predict the intervention effects on creative
thinking.

Dependent Variables
Divergent Thinking (AUT) Convergent Thinking

△Fluency △Flexibility △Novelty △CPS Matchstick Retest

Exercise group

Independent
variables

Vigorous −0.214 −0.152 −0.191 0.177 0.297
Moderate −0.071 −0.106 −0.069 0.3369 0.033
Walking −0.078 −0.038 −0.166 0.051 −0.329

F(3,16) 0.310 0.215 0.330 1.042 1.302
R2 0.055 0.039 0.058 0.163 0.246
p 0.818 0.885 0.804 0.401 0.319

Control group

Independent
variables

Vigorous −0.157 −0.263 −0.168 −0.228 −0.170
Moderate 0.301 0.204 0.011 −0.029 0.566 *
Walking −0.144 0.207 −0.305 −0.265 −0.421

Model statistics
F(3,16) 0.703 0.789 0.697 0.725 3.554

R2 0.116 0.129 0.116 0.120 0.492
p 0.564 0.517 0.567 0.552 0.051 +

Note: Standardized coefficients are presented here. The unstandardized coefficients and their 95% confidence intervals are reported in
Table S4. Vigorous refers to vigorous-intensity PA; moderate refers to moderate-intensity PA. For matchstick retest, F(3,12) for exercise,
F(3,11) for control. * p < 0.05; + p < 0.06.

Figure 4. Partial regression plot of the association between moderate-intensity PA and convergent thinking in control group.
(a) Matchstick retest after the intervention. (b) Matchstick pre-test at baseline.

4. Discussion

We found that total PA in terms of weekly MET-minutes was marginally correlated
with fluency and flexibility but not novelty of divergent thinking nor convergent thinking.
These correlations (rho = 0.293 for fluency, rho = 0.283 for flexibility) are considered
small in magnitude [40]. More importantly, our multiple linear regression incorporating
different intensities of regular PA showed that whereas the amount of vigorous-intensity
PA (minutes/week) positively predicted fluency and flexibility, that of walking positively
predicted novelty of divergent thinking. In contrast, none of them predicted convergent
thinking. These results suggest that the effects of regular PA on divergent thinking are
intensity-specific. Thus, in the case of divergent thinking, it is perhaps not the total amount
of PA that matters, rather, the intensity of the PA is more important. To enhance divergent
thinking, people should conduct more vigorous-intensity PA as well as walking.
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Vigorous-intensity PA refers to activities that require hard physical effort and cause
large increases in breathing, for instance, heavy lifting, fast bicycling, and intense aerobics.
We have previously proposed that higher intensities of PA may bring more benefits to the
brain because they generally cause more extensive, enhanced, and long-lasting neurobi-
ological changes [25]. For instance, it has been reported that a single bout of vigorous-
but not low-intensity cycling increased the peripheral level of brain-derived neurotrophic
factor (BDNF) in young adults [41]. Peripheral BDNF can pass the brain–blood barrier and
supports the production, growth, differentiation, and survival of neurons and thereby en-
hances a large variety of cognitive functions [42]. In rats, higher speed of running has been
reported to increase the extracellular concentration of dopamine in the striatum to a greater
extent [43]. As an interface between motivation and cognition, striatal dopamine has been
associated with cognitive flexibility [44]. However, this proposal is only partially supported
in the present study, since vigorous-intensity PA was positively associated with fluency
and flexibility but not novelty, while the latter was positively associated with walking, and
none of these measures were associated with moderate-intensity PA. The neurobiological
and psychological mechanism by which walking enhances novelty of divergent thinking
is unclear and remains to be investigated. Nevertheless, this finding is consistent with a
recent report that a brief walk on a treadmill or outdoors can boost divergent thinking in
terms of novelty on the AUT [16]. In this study, subjects generated more novel responses on
a 4-min AUT while walking on a treadmill compared to while staying seated. Furthermore,
the brief walk also enhanced subsequent divergent thinking such that those walked on the
treadmill for the first AUT also performed better on a second AUT while staying seated
compared to those sat for both AUTs. These findings may provide a scientific account of
the popular “walking meetings” valued by the academic and managerial fields [45,46].
Although with different tasks to evaluate convergent thinking, both the current study
(using matchstick puzzles) and Oppezzo and Schwartz (2014) [16] (using the compound
remote associates test) failed to find any significant association between PA and convergent
thinking. It remains for future studies to confirm this lack of association and clarify the
underlying reasons.

The WHO Guidelines on Physical Activity and Sedentary Behavior has recommended
vigorous-intensity and moderate-intensity PA as the primary PA for people of all age
groups, including children, adolescents, adults, and older adults [1]. However, in the case
of creative thinking, together with recent evidence [16], the current study indicates that
walking may be more valuable than vigorous- and moderate-intensity PA, since only walk-
ing is associated with novelty of divergent thinking. If these findings are replicated by more
robust studies, they will have great implications for cognitive and performance enhancement.

Meanwhile, we found that regular PA was not associated with the acute aerobic
exercise intervention effects. The interaction effect of regular and acute PA on mood has
been reported and debated (e.g., [28,30,32]). Our current findings are consistent with [32]
that the acute effects might be independent of the levels of regular PA. Unexpectedly,
however, we found that the amount of moderate-intensity PA was positively associated
with the matchstick retest measure of convergent thinking after the control intervention
in which subjects quietly read mood-neutral materials while staying seated. This result
was not an artifact due to a poorer performance at pre-test. These findings suggest the
possibility that when solving insight problems, subjects with a greater amount of moderate-
intensity PA might be more likely to benefit from a “second thought” after a physically
inactive but not physically active “incubation” period [47]. This speculation, however,
remains to be tested by future well-designed experimental studies.

Several limitations of the present study have to be noted. Firstly, our subjects were
undergraduate students, which prohibits us from generating our findings to other popu-
lations. Secondly, our sample size was relatively small, in particular for the analysis on
the interaction between regular and acute PA effects. Thirdly, given our small sample
size, we did not probe the potential sex difference in the associations between regular
PA and creative thinking. Fourthly, we used only a self-report scale (i.e., the IPAQ) to

127



Brain Sci. 2021, 11, 1046

measure PA. Although the validity of the scale has been established [33], there remains the
possibility that the self-reported data are biased by social desirability. Future investigations
are required to include measures of social desirability bias or confirm our findings with
more accurate, objective measures of PA. We hope the current exploratory study may
provide useful insights for future studies with larger sample sizes and more divergent
populations to advance our understanding of the associations between regular PA and
creative thinking.

5. Conclusions

In a sample of young adults, we found that regular vigorous-intensity PA was pos-
itively associated with fluency and flexibility, while regular walking was positively as-
sociated with novelty of divergent thinking. None of the different intensities of regular
PA were associated with convergent thinking or the acute aerobic exercise intervention
effects on divergent and convergent thinking. These findings suggest that engaging in
regular vigorous-intensity PA and walking may be employed as useful strategies to en-
hance different aspects of divergent thinking in daily life. Whereas the WHO recommends
vigorous-intensity and moderate-intensity PA as the primary PA for people of all age
groups, the current study indicates that in the case of creative thinking, walking may be
more valuable than vigorous- and moderate-intensity PA, since only walking is associated
with novelty of divergent thinking. If these findings are replicated by more robust studies,
they will have great implications for cognitive and performance enhancement.
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Abstract: Objective: There is growing evidence that in adults, higher levels of handgrip strength
(HGS) are linked to better cognitive performance. However, the relationship between HGS and
cognitive performance has not been sufficiently investigated in special cohorts, such as individuals
with hypertension who have an intrinsically higher risk of cognitive decline. Thus, the purpose of
this study was to examine the relationship between HGS and cognitive performance in adults with
hypertension using data from the Global Ageing and Adult Health Survey (SAGE). Methods: A total
of 4486 Chinese adults with hypertension from the SAGE were included in this study. Absolute
handgrip strength (aHGS in kilograms) was measured using a handheld electronic dynamometer,
and cognitive performance was assessed in the domains of short-term memory, delayed memory, and
language ability. Multiple linear regression models were fitted to examine the association between
relative handgrip strength (rHGS; aHGS divided by body mass index) and measures of cognitive
performance. Results: Overall, higher levels of rHGS were associated with higher scores in short-term
memory (β = 0.20) and language (β = 0.63) compared with the lowest tertiles of rHGS. In male partic-
ipants, higher HGS was associated with higher scores in short-term memory (β = 0.31), language (β
= 0.64), and delayed memory (β = 0.22). There were no associations between rHGS and cognitive
performance measures in females. Conclusion: We observed that a higher level of rHGS was associ-
ated with better cognitive performance among hypertensive male individuals. Further studies are
needed to investigate the neurobiological mechanisms, including sex-specific differences driving the
relationship between measures of HGS and cognitive performance in individuals with hypertension.

Keywords: handgrip strength; cognition; hypertension; China
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1. Introduction

Hypertension is a major cause of cardiovascular diseases (e.g., stroke), affecting about
40% of the aging population globally [1]. The increasing incidence of hypertension charac-
terized by high blood pressure has become an urgent public health problem, and nearly
60% of Chinese older adults are suffering from hypertension [2]. In this context, it is
worth noting that hypertension can increase the risk of cognitive decline since it affects the
brain negatively [3–6], although the neurobiological mechanisms driving the relationship
between hypertension and cognitive performance are controversially discussed and not
fully understood. In a study by Tzourio et al., a non-significant association between hy-
pertension and cognitive performance was observed [7], whereas other studies reported
that hypertension (i) was associated with structural brain damage, (ii) was associated
with a deficit in cognitive performance, and (iii) could accelerate the development of de-
mentia [3,5,8,9]. Moreover, cognitive impairments can affect individuals’ mental health
and social functioning and even cause an increase in the economic burden to take care of
individual symptoms caused by the disease [10]. Notably, it has also been observed that
individuals with hypertension who meet established physical activity guidelines showed
superior cognitive performance [11], thus buttressing the claim that regular physical exer-
cises are important to ensure brain health and cognition in adults with hypertension [12].
Collectively, the available evidence shows that hypertension has a detrimental effect on
cognitive health, and thus identifying risk and protective factors before a manifestation of
cognitive impairment occurs is essential in individuals with hypertension.

Handgrip strength (HGS), an important indicator of physical function, has been
linked to various physical health outcomes (e.g., increased risk of falls, depression, and pre-
mortality) among older adults [13–16]. Moreover, there is mounting evidence that measures
of HGS are associated with cognitive health [17–19]. In particular, previous studies have
established a relationship between measures of HGS and cognitive performance in younger
adults [20], middle-aged adults [21], and older adults [22,23]. For example, a longitudinal
study of older adults indicated that the participants in the highest quartile of rHGS had
a 50% lower risk to develop cognitive impairments compared with participants in the
lowest quartile of rHGS [24]. In line with this finding, a cross-sectional study of obese
females reported that individuals in the lowest tertile of aHGS had 84% higher odds for
cognitive impairments compared with obese females in the highest tertile of aHGS [25].
In this context, there is also emerging evidence that biological sex could be an important
moderator in the relationship between physical fitness and cognitive performance [26–29].
However, sex-specific effects in the relationships of HGS and cognitive performance have
not been extensively investigated, even though there is some evidence that the association
between HGS and prevalence of mild cognitive impairments is more pronounced in
men [28]. Collectively, these findings imply that individuals with lower measures of HGS
may have a higher risk to develop cognitive impairments and that this relationship is
moderated by biological sex.

Despite the fact that the above-mentioned studies have shown that measures of HGS
can be important markers to identify adults at higher risk for cognitive decline, it has not
been sufficiently studied whether this finding can be generalized to an adult population
with hypertension. Adults with hypertension are intrinsically at a higher risk to develop
cognitive impairments (e.g., due to hypertension-related brain changes). To address this
gap in the literature, this study investigated whether rHGS is associated with performance
in specific cognitive subdomains in both male and female adults with hypertension. Thus,
the current study will add novel evidence to the literature, as it is among the first studies
that (i) investigated the relationship between rHGS and performance in specific cognitive
domains in hypertensive adults and (ii) examined the moderating role of biological sex
in the relationship between rHGS and cognitive performance. Based on the available
evidence, we hypothesized that in adults with hypertension, higher levels of rHGS are
associated with better cognitive performance.
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2. Materials and Methods

2.1. Study Population

This cross-sectional study used publicly available data from the Global Ageing
and Adult Health Survey (SAGE: http://www.who.int/healthinfo/sage/en accessed on
29 March 2021). This survey assessed data of a nationally representative sample of Chinese
individuals and was carried out between 2007 and 2010 across eight provinces. All pro-
cedures of data collection were reported in a previous study in more detail [30]. In brief,
well-trained interviewers conducted face-to-face household interview surveys (question-
naire) to collect the data. The survey response rate was 93%. The study was approved by
the World Health Organization Ethical Review Committee and the Chinese Ethics Research
Review Board of Peking University (IRB00001052-11014 and IRB00001052-11015). Each
participant signed informed written consent before she/he participated in the experiment.

Data were extracted on demographic characteristics (e.g., age and sex), handgrip
strength, cognitive performance, and diagnosed hypertension from the Chinese cohort of
SAGE. All individuals without hypertension were excluded and were not considered in
the data analysis. As a result, a total of 4486 individuals with hypertension were included
for analysis in this study.

2.2. Hypertension Diagnosis

Participants were defined as hypertensive if they selected “Yes” on “Have you ever
been diagnosed with high blood pressure (hypertension)?” or if they had high blood
pressure values, which were systolic blood pressure (SBP) ≥140 mmHg and/or diastolic
blood pressure (DBP) ≥90 mm Hg [31].

2.3. Handgrip Strength

Absolute handgrip strength (aHGS) in kilograms (kg) was measured by trained asses-
sors using a Smedley’s hand dynamometer (Scandidact, Oldenvej 45, and 3490 Kvistgard,
Denmark) [32]. The participants were seated in a comfortable chair with their feet flat on
the ground. They were asked to keep their upper arm against their body and to bend their
elbow to 90 degrees with their palm facing in (as if shaking hands). The trained assessors
instructed the seated participants to hold the dynamometer. The participants were asked to
squeeze the hand as hard as they could, and each hand was tested twice. The overall HGS
was the average of the best aHGS for each hand. If the participants had any surgery on
their hand, arm, or wrist in the past 3 months or arthritis or pain in the hand/wrist/arm,
aHGS was not assessed for that hand. As previously described [33], we calculated relative
handgrip strength (rHGS) by dividing overall HGS (i.e., the average of the best aHGS) by
body mass index (BMI).

2.4. Cognitive Performance

Cognitive performance was assessed using (i) the Digit Span Forward and Backward
Test, (ii) the Verbal Fluency Test, and (iii) the Verbal Recall Test.

The Digit Span Forward (DSF) and Digit Span Backward (DSB) tests were used to
quantify short-term memory and working memory performance. The participants were
required to repeat a set of orally presented items (i.e., numbers) while the level of difficulty
was gradually increased by one item for each trial. Both the DSF and the DSB start with a
sequence of two numbers (e.g., 9 − 5), and for each span, two trials are performed. For
each trial, a new sequence of items was presented. The researcher stopped the test after
two consecutive incorrect responses on the same set of items [34]. Performance was scored
based on the maximum length of correctly remembered items. The highest achievable
scores for the DSF and DSB were 9 points and 8 points, respectively.

The semantic Verbal Fluency Test (VFT) probes language abilities (i.e., lexical retrieval
and production). Participants were required to name as many animals as they could within
one minute. One point was given for a correctly named animal (nonrepeating) [35].
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The Verbal Recall Test (VRT) was used to measure performance in delayed memory.
An interviewer read 10 words for participants three times at a standardized pace. After a
delay of 10 min, the participants were required to recall as many words as possible from
the initially presented 10 words. One point was given for each correctly recalled word [36].

2.5. Independent Variables

Age, sex, years of education, setting (rural or urban), alcohol consumption in the past
month, smoking (never, current, or past), chronic physical conditions (stroke and diabetes),
and regular level of physical activity (PA; occupational and leisure PA) [37] were used as
covariates in the statistical models. Please note that the classifications of stroke and diabetes
were based on self-reports of existing diagnoses from medical professionals. In line with a
previous study, PA was measured using the Global Physical Activity Questionnaire Version
2 (GPAQ-V2), which consists of 16 questions [38]. The GPAQ-V2, which was developed un-
der the auspices of the World Health Organization (WHO), is an internationally recognized,
reliable, and validated questionnaire that assesses levels of regular physical activity [39,40].
According to the PA calculation from a previous study [37], levels of physical activity were
classified as ≥150 min/week (meeting the recommended guidelines) and <150 min/week
(low PA).

2.6. Statistical Analysis

In this study, continuous variables are expressed as means and standard deviation
(SD), whereas categorical variables are shown as percentages. On the basis of the known
sex difference in aHGS and cognitive performance in later life [22], we analyzed males and
females separately (see Tables 1–3). Multivariable linear regression models were used to
estimate the associations between rHGS and cognitive performance (Digit Span Forward
and Backward Test, Verbal Fluency Test, and Verbal Recall Test). As the interaction terms
of rHGS and sex in our linear regression showed a significant difference in all cognitive
performance tests (p < 0.05), we estimated the associations between rHGS and cognitive
performance (Digit Span Forward and Backward Test, Verbal Fluency Test, and Verbal
Recall Test) and adjusted the regression models for age, sex, education years, setting, alcohol
consumption, smoking, chronic physical conditions, and physical activity. All statistical
analyses were conducted using the Stata 15.0 (Stata Corp LP, College Station, Texas). The
level of statistical significance for all statistical tests was set at p < 0.05 (two-tailed).

Table 1. Overview of demographic characteristics and measures of handgrip strength and
cognitive performance.

Variables Male (3620) Female (866)

Age (in years) 59.68 ± 0.19 59.39 ± 0.40
Education (in years) 7.54 ± 0.07 6.59 ± 0.18

Setting (in %) Rural 59.01 52.89
Urban 40.99 47.11

Alcohol consumption (in %) Yes 70.80 53.00
No 29.20 47.00

Smoking (in %)
Never 20.75 86.14

Current 64.71 10.00
Past 14.54 3.86

Work physical activity (in %) ≤150 min/week 76.24 83.72
>150 min/week 23.76 16.28

Leisure physical activity (in %) ≤150 min/week 97.29 97.69
>150 min/week 2.71 2.31

Stroke (in %) Yes 3.15 2.08
No 96.85 97.92

Diabetes (in %) Yes 4.63 4.52
No 95.37 95.48

Handgrip strength (kg) 33.74 ± 0.18 22.95 ± 0.28
Digit span forward (score) 7.33 ± 0.03 7.21 ± 0.05

Digit span backward (score) 3.67 ± 0.02 3.06 ± 0.05
Verbal fluency (score) 13.82 ± 0.08 12.77 ± 0.15

Delay recall (score) 5.19 ± 0.04 5.13 ± 0.08
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Table 2. Participants’ characteristics based on the tertiles of handgrip strength in male and female participants.

Variables Q3 (1.579–6.347) Q2 (1.147–1.578) Q1 (0.224–1.146) p Value

Male

Age (n = 3421) (in years) 55.46 ± 0.30 60.49 ± 0.29 65.21 ± 0.37 p < 0.001
Handgrip strength (kg) 42.46 ± 0.23 32.68 ± 0.14 21.30 ± 0.22 p < 0.001

Digit span forward (n = 3414) (score) 7.61 ± 0.04 7.37 ± 0.04 6.90 ± 0.05 p < 0.001
Digit span backward (n = 3406) (score) 3.81 ± 0.04 3.60 ± 0.04 3.50 ± 0.05 p < 0.001

Verbal fluency (n = 3414) (score) 14.53 ± 0.14 13.80 ± 0.14 12.84 ± 0.17 p < 0.001
Delay recall (n = 3409) (score) 5.58 ± 0.06 5.22 ± 0.06 4.67 ± 0.08 p < 0.001

Female

Age (n = 829) (in years) 53.98 ± 1.53 55.22 ± 0.76 61.20 ± 0.47 p < 0.001
Handgrip strength (kg) 37.23 ± 1.00 29.23 ± 0.28 19.29 ± 0.25 p < 0.001

Digit span forward (n = 829) (score) 7.41 ± 0.19 7.51 ± 0.09 7.13 ± 0.06 p = 0.02
Digit span backward (n = 827) (score) 3.57 ± 0.15 3.25 ± 0.09 2.96 ± 0.06 p < 0.001

Verbal fluency (n = 829) (score) 14.05 ± 0.55 13.19 ± 0.32 12.52 ± 0.19 p = 0.014
Delay recall (n = 825) (score) 6.07 ± 0.19 5.84 ± 0.15 4.86 ± 0.10 p < 0.001

Note: Q1, Low tertile of relative handgrip strength (rHGS); Q2, Moderate tertile of relative handgrip strength (rHGS); Q3, High tertile of
relative handgrip strength (rHGS).

Table 3. Regression models of the association between handgrip strength or covariates and the indices of cognitive
performance in adults with hypertension.

Variables Q1
Q2

B (95% Confidence Interval)
Q3

B (95% Confidence Interval)
R2

Digit span forward (n = 3534) Total Reference 0.18 (0.07, 0.30) *** 0.20 (0.09, 0.32) *** 0.11
Male Reference 0.27 (0.14, 0.40) *** 0.31 (0.18, 0.44) *** 0.12

Female Reference 0.11 (−0.14,0.37) −0.12 (−0.51, 0.28) 0.12

Digit span backward (n = 3530) Total Reference 0.01 (−0.09, 0.12) −0.04 (−0.07, 0.15) 0.16
Male Reference −0.05 (−0.17, 0.08) −0.05 (−0.18, 0.07) 0.15

Female Reference −0.12 (−0.35, 0.12) −0.07 (−0.43, 0.30) 0.25

Verbal fluency (n = 3534) Total Reference 0.39 (−0.11, 0.79) 0.63 (0.22, 1.05) ** 0.09
Male Reference 0.46 (−0.01, 0.93) 0.64 (0.16, 1.11) ** 0.09

Female Reference 0.14 (−0.94, 0.67) 0.55 (−0.71, 1.84) 0.13

Delay recall (n = 3532) Total Reference 0.19 (0.01, 0.37) * 0.15 (−0.03, 0.33) 0.13
Male Reference 0.22 (0.01, 0.42) * 0.22 (0.01,0.42) * 0.13

Female Reference 0.27 (−0.14, 0.70) 0.31 (−0.32,0.95) 0.18

Note: Q1, Low tertile of relative handgrip strength (rHGS); Q2, Moderate tertile of relative handgrip strength (rHGS); Q3, High tertile of
relative handgrip strength (rHGS). The adjusted model included age, sex, education years, setting, alcohol consumption, smoking, health
condition, work physical activity, and leisure physical activity; *, p < 0.05, **, p < 0.01; ***, p < 0.001.

3. Results

The final sample included in this study consisted of 4486 adults with hypertension.
Table 1 provides an overview of the demographic characteristics, rHGS, and cognitive
performance. The mean age for the sample was 59.68 ± 0.19 for male participants and
59.39 ± 0.40 for female participants. Furthermore, our sample included more male partici-
pants (80.7%) than female participants (19.3%).

As shown in Table 1, we observed significant differences between male and female
participants concerning the level of education, setting, alcohol consumption, smoking, level
of regular occupational PA, and performance in DSF, DSB, and VFT (all p < 0.05).

Table 2 displays the characteristics of participants according to the tertile of HGS for
male and female participants. We observed that age, DSF, DSB, VFT, and VRT varied as a
function of the tertile of HGS (all p < 0.05).

Table 3 displays the adjusted associations between HGS and cognitive function scores
in adults with hypertension. Overall, when controlling for age, sex, level of education,
setting, alcohol consumption, smoking, level of regular occupational PA, and leisure PA,
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individuals in the highest tertile of rHGS performed better in DSF and VFT compared with
individuals in the lowest tertile of HGS (p < 0.01). Independent associations were found
between rHGS and performance in DSF and VRT (p < 0.05) for male participants in the
tertile of moderate and high rHGS. In the highest tertile of rHGS, rHGS was associated
with performance on the VFT (p < 0.01).

4. Discussion

The current study investigated the associations of rHGS and cognitive performance in
a Chinese sample of hypertensive individuals recruited from the SAGE project. Overall,
our findings suggest that in adults with hypertension, higher levels of rHGS are associated
with better cognitive performance in short-term memory (assessed using the Digit Span
Forward and Digit Span Backward tests) and language abilities (assessed using the Verbal
Fluency test) after controlling for important covariates (e.g., age, sex). Furthermore, we
observed pronounced sex differences, as an association between higher levels of rHGS and
better performance on the DSF, VFT, and VRT could be observed in male participants but
not in female participants.

Our findings are in line with previous studies showing a relationship between the
level of HGS and scores in short-term memory, language, and delayed memory (but not
working memory) [18,41]. For example, a scoping review suggested that higher levels
of HGS were associated with a lower risk of cognitive impairments in older adults [18].
A prospective study by Alfaro-Acha et al. found that lower aHGS was associated with
a deficit in cognitive function in 2160 older Mexican Americans over 7 years [41]. In a
cross-sectional study of 449 adults without dementia from Sweden, Praetorius Bjork et al.
showed that there are strong relationships between aHGS and short-term memory, delayed
memory, and language abilities [42].

Furthermore, the current study substantiates the available evidence regarding the
link between measures of HGS and cognitive performance in adults with hypertension.
A comparable study observed a link between aHGS and better visuospatial abilities,
episodic memory, orientation/attention, and overall cognitive function in a cohort of
middle-aged and older adults with hypertension [43]. Thus, our study adds evidence
to the current literature that (i) in adults with hypertension, the link between rHGS and
cognitive performance does not only comprise visuospatial abilities, episodic memory,
orientation/attention, and overall cognitive function but also encompasses short-term
memory, delayed memory, and language abilities and (ii) there are pronounced sex-specific
differences in the association between rHGS and cognitive performance.

There is some evidence from a cross-sectional study [29] and a meta-analysis of in-
terventional studies [44] that females profit more from physical interventions than males,
although this finding is not universal [45]. Even if the mentioned studies are not fully
comparable with our study, the direction of the sex-specific differences in our study is some-
what surprising. As suggested by others, this could be caused by sex-specific differences in
neurobiological mechanisms driving behavioral performance.

Overall, the findings of the current study suggest that higher levels of rHGS are linked
to better cognitive performance, although the neurobiological mechanisms driving this
relationship are yet not fully clear and warrant future investigation [46–48]. In this context,
several possible mechanisms could explain the positive relationship between measures
of HGS and cognitive performance. In particular, it has been proposed that the follow-
ing levels of analysis need to be considered to understand the effect of physical activity
or physical fitness (i.e., level of HGS) on cognitive performance: (i) level 1—molecular
and cellular changes, (ii) level 2—functional and structural brain changes, and (iii) level
3—socioemotional changes [47,49].

Our knowledge concerning the relationship of measures of HGS and cognition-
relevant changes in level 1 (cellular and molecular changes) is meager. With respect
to the association between cardiovascular fitness and/or cardiovascular exercise and cog-
nitive performance, brain-derived neurotrophic factor (BDNF) and other neurotrophic
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factors have been highlighted to play a crucial role [49–51]. In this regard, there is some ev-
idence that (i) cardiorespiratory fitness level is associated with basal levels of BDNF [52,53],
(ii) the lower levels of serum BDNF are associated with a smaller hippocampal volume
and poorer memory performance [54], and (iii) changes in BDNF levels in response to
long-term aerobic training are associated with changes in executive functions [55] and
hippocampal volume [56]. Collectively, these studies suggest that BDNF plays a crucial role
in the relationship between cardiorespiratory fitness and cognitive performance. However,
comparable studies investigating the relationship between HGS, neurotrophic factors such
as BDNF, and cognitive performance are, to the best of our knowledge, currently lacking.
Thus, further studies investigating the relationship between HGS and neurotrophic factors
(e.g., BNDF) are needed to elucidate the extent to which changes on this level of analysis
can explain some variance in the positive relationship between measures of HGS and
cognitive performance.

With respect to level 2 (functional and structural brain changes), it has been proposed
that HGS and higher-order cognitive functions might share the same neural substrates [7].
Indeed, there is some evidence in the literature suggesting a close relationship between
HGS and brain features relevant to higher-order cognitive processes. Concerning functional
brain changes, it has been observed that in younger adults, higher levels of normalized
HGS are linked to favorable cerebral hemodynamics [47]. However, in this study, normal-
ized HGS was not linked to cognitive performance, nor did this study find convincing
evidence that cortical hemodynamics mediate a possible relationship between normalized
HGS and cognitive performance [7]. However, as this finding cannot be readily general-
ized on the basis of our cohort, additional studies are needed to elucidate whether HGS
might influence cortical hemodynamics in adults with hypertension. Regarding structural
brain changes, there is evidence in the literature linking higher levels of aHGS to greater
hippocampal volume [57]. Given that a greater hippocampal volume [58] and an increase
in hippocampal volume [56] are linked to better cognitive performance (i.e., spatial mem-
ory), it seems plausible to hypothesize that alterations in brain structure at least partly
influence the relationship between higher levels of HGS and cognitive performance. This
idea is reinforced by the fact that (i) resistance training improves hippocampal integrity in
older adults with mild cognitive impairment [59,60] and (ii) the hippocampus mediates
the relationship between higher levels of physical fitness (i.e., cardiorespiratory fitness)
and spatial memory performance [56,58]. In this context, it could be speculated that the
neurobiological processes leading to a higher HGS might be protective against the fre-
quently reported hypertension-related worsening of brain integrity (e.g., faster decline in
hippocampal volume and more global brain matter atrophy) and cognitive performance
(e.g., more pronounced decline in executive function and memory) [61–64]. However,
to the best of our knowledge, there is a lack of cross-sectional and longitudinal studies
that assess and analyze the relationship between measures of HGS, brain structure, and
cognitive performance. Thus, future investigations that provide empirical evidence to
verify or refute the above-mentioned theoretical assumptions while considering sex-related
differences in structural brain changes (e.g., those reported by intervention studies [44])
are urgently needed.

Level 3 (socioemotional changes) comprises changes in mood, stress, pain, and sleep.
It is beyond the scope and intention of this article to discuss the relationship between HGS
and these socioemotional factors. However, sleep has been highlighted as an important
mediator in the relationship between physical activity and/or physical fitness and cognitive
performance [49,65]. It was observed that unhealthy sleep patterns (e.g., too short or too
long sleep duration and insufficient sleep quality) can be linked to weaker HGS and
faster decline of HGS in adults [66–68]. Furthermore, empirical evidence suggests that
sleep patterns mediate the relationship between regular physical activity and cognitive
performance (e.g., inhibition performance) [69,70]. It seems reasonable to hypothesize that
changes in socioemotional factors (e.g., sleep) and their influence on the other levels of
analysis (e.g., the cellular and molecular level and the functional and structural level) can
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at least partly explain the positive relationships between measures of HGS and cognitive
performance. However, given the lack of research in this direction, future studies are
required to test these assumptions empirically.

Limitations

The findings of the current study need to be interpreted in light of some limitations.
First, this cross-sectional study does not allow the assessment of causal mechanisms
driving the relationship between rHGS and cognitive performance. Second, we used
only rHGS as a predictor of physical performance, whereas other measures of physical
performance (e.g., gait speed and sit-to-stand performance), which have been used in
previous studies investigating the relationship between physical fitness and cognitive
performance in hypertensive adults [43,71], were not analyzed because of a lack of available
data. Third, the data assessment for the SAGE study was carried out between 2007 to 2010,
which might affect the generalizability of the findings to a certain extent. However, given
the fact that hypertension is still a major health issue, as it constitutes an important risk
factor for heart diseases, stroke, chronic kidney disease, and dementia [72,73], we believe
that the findings of the current study are still of interest for the scientific community.

5. Conclusions

In conclusion, the findings of the current study suggest that a higher level of rHGS
is related to better performance in specific domains of cognition (i.e., short-term memory,
delayed memory, and language abilities) in our sample of Chinese adults with hypertension
(especially in male adults). Further studies are needed to investigate the neurobiological
mechanisms driving this relationship, including the identification of sex-specific differences.
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Abstract: The purpose of this study was to investigate the effects of classroom-based Brain Breaks®

Physical Activity Solution in Southeast Asia Singaporean primary school students and their attitude
towards physical activity (PA) over a ten-week intervention. A total of 113 participants (8–11 years
old) were randomly assigned to either an experimental (EG) or a control group (CG), with six
classes to each group; the Brain Breaks® group (EG: six classes) and the Control group (CG: six
classes). All EG members participated in a Brain Breaks® video intervention (three–five min) during
academic classes and the CG continued their lessons as per normal. The student’s attitudes towards
PA in both research conditions were evaluated using the self–reported Attitudes toward Physical
Activity Scale (APAS), applied before and after intervention. The effects of the intervention on
APAS scores were analysed using a mixed model analysis of variance with Time as within-subject
and Group as between-subject factors. The analysis revealed evidence in support of the positive
effect of classroom video interventions such as Brain Breaks® on student’s attitudes toward benefits,
importance, learning, self-efficacy, fun, fitness, and trying to do their personal best in PA. The Brain
Breaks® intervention provided a positive significant impact on students in Singapore. This study also
revealed that interactive technology tools implemented into the school curriculum benefit students
in terms of health and education.

Keywords: video exercises; physical activity; attitudes; online platform; Brain Breaks®

1. Introduction

The World Health Organization [1] has defined a person who has a body mass index
(BMI) of over 30 kg·m−2 as obese, and ≥25 kg·m−2 as overweight. Research has concluded
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that Asians tend to carry a higher percentage of body fat as compared to other racial
and ethnic groups of the same BMI [2]. Therefore, the BMI scale for Asians has been
lowered (obese: 27.5 kg·m−2, overweight: 23 kg·m−2). Being overweight and obese during
childhood years is linked to chronic diseases risk factors such as diabetes and cardiovascular
diseases [3,4]. Furthermore, childhood obesity can persist into adulthood [5–7]. Globally,
childhood obesity has been on the rise [8].

A possible reason for increased childhood obesity is the availability of current tech-
nology. When students use technology, participation in physical activity (PA) is reduced.
By the age of 10 years, students have access to at least five different types of screens for
viewing at home [9], the use of which is referred to as “screen time”. Significant correlations
between the rise of screen time and the lack of PA in students are associated with the rise
in obesity [10–13]. Maher et al. [14] evaluated 2200 Australian students aged 9 to 16 years
old and found a high correlation between screen time and the likelihood for a student to be
overweight or obese.

The WHO recommends 60 min of daily PA for students 5 to 17 years old [15]. A recent
study reported that students are becoming less physically active and more sedentary [16,17].
These trends were established by tracking students PA. Accelerometers were used to
measure students’ activity levels during the ages of 6, 9, and 11 years. Students’ PA
duration decreased from an average of 66 min a day at age 6 to an average of 53 min a day
at age 11 [18]. Jago et al.’s [18] study demonstrated that students spend less time doing PA
as they age and are well below WHO’s recommended duration of daily PA. On average,
students lost about 63 min of PA weekly at age 11 compared to age 6. Yearly, this decrease
equates to 3276 min of lost PA time for the students. The investigation provided additional
evidence, suggesting students are becoming less physically active as they grow older. The
loss of PA time has likely led to the rise in students’ obesity levels. Jago et al. [18] reported
that, at the start of their study, 11% of the students were overweight and 8% were obese.
However, by the end of the study, 14% of the students became overweight and 15% were
obese. Most students who were overweight or obese at the start of the study remained
overweight or obese at the end of the study.

The current generation of students are referred to as “tech-savvy” and show a growing
interest in technology. Boone et al. [10] and Lewallen et al. [19] suggest that technology
can encourage students to increase their PA levels. Presently, Singaporean students are
moving towards digital platforms for learning, gaming, and PA. Singapore educators are
actively encouraging the incorporation of technology into lessons or co-curricular activities
(CCA) to assist students to cope with the necessary competencies for living in a globalized
world. Technology such as HOPSports Brain Break® videos, online streaming, and virtual
reality games such as Pokemon GO were developed to increase students’ and adults’ PA
time [20]. Althoff et al. [21], focusing on the influence of Pokemon Go on PA levels, found
a significant increase in PA by sedentary users when starting to play using this particular
form of technology. Results were calculated by tracking the number of steps the user took
before, during, and after playing a game. However, no significant difference was found in
users who were already physically active.

Exercise videos such as HOPSports and JumpJam are becoming more popular with
students. The current study specifically selected HOPSports Brain Breaks® videos, as these
videos utilize a dynamic online platform that is closely aligned to the Whole School, Whole
Community, and Whole Child (WSCC) Guidelines [22,23], and the United Nations Sustain-
able Development Goals (UNSDG) [24,25]. Singapore, a small country with limited land
and lack of natural resources, recognizes the challenges of sustainable development. Prime
Minister Lee Hsien Loong stated that Singapore is committed to the 2030 Agenda for Sus-
tainable Development [26]. Further, the UNSDG statement encompasses social–emotional
learning, nutritional education, PA and education, career education, and environmental ed-
ucation all into one online platform. These values are also in-line with Singapore’s Ministry
of Education’s (MOE) Desired Outcomes of Education and 21st Century Competencies [27].
All classrooms in local schools are equipped with internet connections, a desktop computer,
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a sound system, and a projector or interactive whiteboard to ensure that students and
teachers are able to keep abreast with advancements in technology.

Brain Breaks® videos are video exercises which average three–five min duration. Pre-
vious studies concluded that the use of Brain Breaks® videos help develop positive changes
in students’ attitudes towards PA [28–32]. Students who completed the intervention did
simple aerobic/movement exercises following the video instructions. Also included in
these videos was content pertaining to health and nutrition, social learning, character build-
ing, and arts and culture [24,33]. The results of these studies indicated a positive change
in the intervention group’s attitudes and interest towards PA. Krause & Benavidez [34]
found that technology presented a more effective way to promote PA as compared to the
traditional games and sports. As Singapore is a highly developed country, technology
leverage is a more effective way to promote school students’ PA. Brain Breaks®, as an
intervention tool, has already been shown to improve students’ knowledge, self-awareness,
and positive attitude leading towards motivation for increased PA [35].

Thus, the aim of this study was to investigate the use of Brain Breaks® videos and
the videos’ effects on Singaporean students’ attitudes towards PA and possible increasing
PA participation. This study is the first to examine the use of Brain Breaks® videos in the
context of Singapore’s students and their school system. We hypothesize that Brain Breaks®

videos will positively impact students’ attitudes, which may increase PA participation.

2. Materials and Methods

2.1. Research Design

This study was a two-group (experimental/control) quasi-experimental design. The
experimental group (EG) participated in the Brain Breaks® intervention program of per-
forming the Brain Breaks® video for 10 weeks, averaging three–five min daily during their
class time, five days per week. The Brain Breaks® video was projected on a screen using a
projector in the classroom. The videos featured physical movement activities, accompanied
with songs and dance, and movements that can be done safely by maintaining adequate
social distance between students (the full content of the program can be retrieved at Kuan
et al. [24]. Students were invited to follow the movements shown on the screen. To maintain
students’ enjoyment and motivation, a variety of videos were played for each of the five
days. Online access to the official project website is found at https://brain-breaks.com,
(accessed on 1 March 2019) [17,24]. The control group (CG) continued their academic
lessons as per normal for 10 weeks consecutively without video intervention. Participants’
attitudes toward PA in both groups were measured before and after the intervention using
the self-reported Attitudes toward Physical Activity Scale (APAS) questionnaire. Data
collection took place before the 10-week intervention in the first week of the school term,
and again at the end of the intervention. Participants were obtained from 12 student classes
from a local Singapore school system. These 12 intact classes were randomly assigned
into either the EG (six classes) or the CG (six classes) groups using a computer-generated
randomization (www.randomization.com, accessed on 1 March 2019).

2.2. Ethical Approval

This study obtained approval from the Institutional Review Board from Nanyang
Technological University (NTU-IRB Reference Number-2019-01-025), and was a school
collaborative research initiative. Parents and students voluntarily signed informed consent
forms agreeing to participate in this study.

2.3. Participants

Participants comprised 113 (47 boys, 66 girls) clinically healthy students ranging from
8 to 11 years old (Table 1). According to the intact class to which the student belonged, the
classes were separated into either the experimental Brain Breaks® group (EG: six classes of
48 total students) or the Control group (CG: six classes of 65 total students). All students in
the recruited classes were invited to participate. Students with prior injuries or conditions
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such as heart problems were excluded. Students who were excused from physical activity
as advised by their doctors or had not acquired parental consent were also excluded. The
required sample size was estimated using G-Power Version 3.1. Based on the repeated
measures ANOVA with two research conditions (experimental and control group) ×2 time
points (baseline, and post), statistical power set at 80% with a 95% confidence interval, and
an effect size of 0.25 [17], a sample size of 98 was calculated. With a 15% dropout, a total of
113 was judged to be sufficient to detect the hypothesized between-condition differences.

Table 1. General Characteristics of the Participants (n = 113, boys = 47, girls = 66).

Variables
Total (n = 113)
Mean ± SD

EG (n = 48)
Mean ± SD

CG (n = 65)
Mean ± SD

Gender
Male (n, %) 47 (41.6%) 22 (45.8%) 25 (38.5%)

Female (n, %) 66 (58.4%) 26 (54.2%) 40 (61.5%)
Age (years) 9.68 ± 0.95 9.71 ± 0.99 9.66 ± 0.94
Height (m) 1.38 ± 8.27 1.37 ± 0.09 1.39 ± 0.09
Weight (kg) 35.21 ± 10.21 34.91 ± 10.97 35.43 ± 10.55

Body Mass Index (kg·m−2) 18.19 ± 2.86 18.24 ± 4.18 18.16 ± 3.67
Note. EG = Experimental Group, CG = Control Group; Age (years); Height (meters, m); Weight (kilograms, kg);
Body Mass Index (kilograms per meter square, kg·m−2). No significant difference between EG and CG was found
for all variables above (p > 0.05).

2.4. Measures

Students’ Attitudes toward Physical Activity Scale (APAS)

The APAS is a self-reported questionnaire used to measure beliefs, attitudes, and
self-efficacy towards PA from students. The questionnaire is composed of seven sections
using Likert-type scales. An additional section gathers demographic information regarding
gender, age, school grade level, body height, and weight. The remaining seven sections
referred to: (F1) ‘promoting holistic health’, 10 items constructed to measure students’
attitudes toward the effectiveness of physical activities to promote holistic health. An
example item is, “Being physically active helps to give me good health”; (F2) ‘importance
of exercise habit’: five items designed to measure attitudes toward the importance of doing
exercise as a lifestyle. An example item is, “It is important to be physically active for my
health”; (F3) ‘self-efficacy in learning with video exercises’: 11 items to measure self-efficacy
in learning curriculum content by using video exercises. Example items are, “I learn about
art through exercise videos,” and “I know how to do physical activity if there is an exercise
video to follow”; (F4) ‘self-efficacy in selecting video exercises for themselves’: four items
to measure a student’s level of independence when performing their self-selected exercise
video. An example item is, “I know how to choose physical activity in the exercise video
that suits me.” (F5) ‘exercise motivation and enjoyment’: 14 item scale designed to measure
motivation and enjoyment when doing physical exercise. An example item is, “I think
physical activity is fun”; (F6) ‘self-confidence on physical fitness’: eight items constructed
to measure self-perception of physical fitness. An example item is, “I am confident with my
balance”; (F7) ‘trying to do my personal best’: five items constructed to measure personal
best goal orientation to engage in PA. An example item is, “My target is to go beyond what
I have achieved in physical activity”.

Questionnaire response options for each item were a four point Likert-type response
category including “strongly disagree”, “disagree”, “agree”, and “strongly agree”. The
seven scales in the original version of this questionnaire were validated for their reliabilities,
uni-dimensionality, effectiveness of the response categories, and absence of gender differen-
tial item functioning (DIF) by Mok et al. [30] using the Rasch analysis. A subsequent study
by Dinc et al. [31] updated the questionnaire and further enhanced internal consistency.
The current study reported here made use of the updated version of APAS. The Cronbach’s
Alpha reliability coefficients for Singapore students ranged from 0.81 to 0.92 (Table 2).
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Table 2. Cronbach’s Alpha Reliability Analysis of APAS for Singapore Students (n = 113).

Scale Number of Items Cronbach’s Alpha

Promoting Holistic Health (F1) 10 0.84
Importance of Exercise Habit (F2) 5 0.81

Self-efficacy in Learning with Video Exercises (F3) 11 0.93
Self-efficacy in Selecting Video Exercises (F4) 4 0.90

Exercise Motivation and Enjoyment (F5) 14 0.87
Self-confidence on Physical Fitness (F6) 8 0.92

Trying to do Personal Best (F7) 5 0.82

2.5. Data Analysis

Data analysed were completed using the IBM SPSS version 26.0 software (IBM Corp.,
Armonk, NY, USA). Distribution of the data including mean (M) + standard deviation (SD)
of the variables was assessed for normality (Skewness and Kurtosis values were close to 0
and z-values ranged between –1.96 and 1.96). No non-normal distributions were identified.
Effects of applied Brain Breaks® intervention on APAS scores were analysed using a two-
way 2 × 2 mixed analysis of variance (ANOVA) with Time (pre-test/ post-test) as the
within-subject factor (repeated measures) and Group (EG/CG) as the between-subject
factor. The partial eta-squared (η2) effect sizes for the tests were calculated to indicate the
magnitude of the effects. The level of statistical significance was set as p < 0.05.

3. Results

A one-way ANOVA Brown–Forsythe test was used to compare pre-test between
groups. As presented in Table 3, where CG indicated higher scores; pre-F4 (EG: 3.02 ± 0.62
vs. CG: 3.10 ± 0.60, p < 0.001), pre-F6 (EG: 2.97 ± 0.73 vs. CG: 3.05 ± 0.73, p < 0.001), pre-F7
(EG: 3.20 ± 0.61 vs. CG: 3.29 ± 0.65, p < 0.001). Table 3 presents the mean scores of the
APAS obtained by EG and CG groups before and after intervention, the results of the 2 × 2
mixed ANOVA with one within-subject factor (Time: before or after intervention) and one
between-subject factor (Group: experimental or control), as well as the effect sizes (Time
η2, Group η2 and Time*Group η2). A significant increase in the mean scores of all APAS
scales, for EG and CG, between pre-and post-10-weeks intervention was found (Table 3).
The main Time effect was significant (p < 0.05) for all APAS scales. Effect sizes of the Time
factor ranged from 0.04 to 0.19.

The results found in Table 3 revealed significant main effects on Group for importance
(p = 0.012), learning (p < 0.001), self-efficacy (p < 0.001), fun (p = 0.034), and fitness (p = 0.022)
scales. Effect sizes for the Group main effect were relatively small (η2 < 0.12) for all scales,
except for Learning (η2 = 0.23).

Time*Group interaction effects were significant for all APAS scales (p < 0.05) (Table 3).
Effect sizes of the Time*Group interaction effect ranged from 0.08 (Personal Best scale) to
0.37 (Learning scale). EG showed an increase for all pre-test to post-test APAS scale scores
when compared to CG (Figure 1). The one-way ANOVA Brown–Forsythe test was also
used to compare between genders for EG. A significant difference was found for post-F3,
where boys, when compared to girls, had higher self-efficacy scores in learning curriculum
subjects through video exercises (EG boys: 3.76 ± 0.28 vs. EG girls: 3.54 ± 0.39, p = 0.04)
(Figure 2).
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Table 3. Descriptive Statistics and ANOVA at pre-test/post-test for students in the Experimental Group (EG; n = 48) and
Control Group (CG; n = 65).

Variables on
Physical Activity

Group
Pretest Posttest Time Group Time*Group

Mean (SD) Mean (SD) F p η
2 F p η

2 F p η
2

Benefits (F1) CG 3.19 (0.55) 3.13 (0.64)
18.87 <0.001 0.15 3.86 0.052 0.03 29.29 <0.001 0.21EG 3.06 (0.51) 3.61 (0.37)

Importance (F2) CG 3.28 (0.61) 3.32 (0.60)
17.89 <0.001 0.14 6.49 0.012 0.06 12.57 0.001 0.10EG 3.29 (0.52) 3.74 (0.31)

Learning
(F3)

CG 2.77 (0.78) 2.32 (0.88)
9.35 0.003 0.08 32.55 <0.001 0.23 66.08 <0.001 0.37EG 2.65 (0.67) 3.64 (0.36)

Self-efficacy (F4) CG 3.10 (0.60) 2.82 (0.74)
4.38 0.039 0.04 14.89 <0.001 0.12 33.45 <0.001 0.23EG 3.02 (0.62) 3.62 (0.51)

Fun (F5) CG 3.18 (0.58) 3.19 (0.66)
13.70 <0.001 0.11 4.59 0.034 0.04 13.27 <0.001 0.11EG 3.17 (0.48) 3.58 (0.38)

Fitness (F6) CG 3.05 (0.73) 3.07 (0.69)
25.92 <0.001 0.19 5.42 0.022 0.05 22.89 <0.001 0.17EG 2.97 (0.73) 3.65 (0.39)

Personal Best (F7) CG 3.29 (0.65) 3.32 (0.63)
11.59 <0.001 0.10 2.08 0.153 0.02 9.36 0.003 0.08EG 3.20 (0.61) 3.66 (0.43)

Note. EG = Experimental Group, CG = Control Group. * Time and group interactions.

η η η

 

  
(a) Benefits (F1) (b) Importance (F2) 

Figure 1. Cont.
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(c) Learning (F3) (d) Self-efficacy (F4) 

(e) Fun (F5) (f) Fitness (F6) 

 
(g) Personal Best (F7) 

Figure 1. Scale Mean Values of the Experimental and the Control Groups at Pre-test and Post-test.
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Figure 2. Post-Self–efficacy Scores in Learning Curriculum Subjects through Video Exercises of the
Experimental Group.

4. Discussion

The purpose of this study was to determine whether using Brain Breaks® videos
would positively change Singaporean students’ attitudes towards PA and increase their PA
participation. Empirical evidence in support of the positive effect of Brain Breaks® videos of
three–five min a day, five times a week for 10 weeks, to enhance students’ attitude towards
PA was found. This study is the first conducted in Southeast Asia among Singaporean
students. The findings from this study are similar to the findings from previous studies
investigating the impact of Brain Breaks® videos on students aged 9 to 11 years old in
China [25], Malaysia [16], Turkey [31], Lithuania [33], Poland [28] and Macedonia [32],
students 12 years old [36], and students in higher education [31]. These previous studies
found that students utilizing Brain Breaks® videos had positive changes in their attitudes
towards PA. This difference could be due to the fun element, with movement and music,
found in the exercise videos that the students performed during their short breaks. In
addition, no significant differences were found between the scores of the experimental and
control groups before the intervention. These earlier studies report that short amounts of
exercise completed in the classroom are linked to increases in students’ on-task behavior
and PA [28,33], improved self-awareness, self-efficiency in using video exercises [32], fun,
and effort to do their personal best [25] while participating in Brain Break® activities.
Other studies have shown that students who are more physically active perform better in
their academic studies [37,38]. One potential explanation for better academic achievement
is that PA increases the blood flow to the brain and may be the link to better academic
performance. With more blood flowing to the brain, oxygen delivery is increased, which
potentially has a positive impact on brain function [38].

As the results from the current study show a positive increase in Singapore students’
attitudes towards PA, Singapore school systems should consider the integration of daily
Brain Breaks® into the school curriculum. This internet format is stable and requires state-of-
the-art infrastructure (e.g., projectors, sound system, etc.) and technology (e.g., internet, fast
wireless network, etc.). Utilizing such a system would assist students during long periods
of continuous lessons where teachers and students can experience intellectual or mental
fatigue that can reduce their ability to focus and concentrate. Short PA breaks between
lessons would help teachers and students to refocus for the next lesson. Alternatively, Brain
Breaks® videos can be integrated prior to the end of the students’ recess or snack time.

In 2014, Singapore launched a project named the Smart Nation Initiative [39] to
address topics such as health/well-being. Experiences gained from this collaboration
enabled Singapore to grow and move the city’s economy towards greater technology for
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services-based applications. These cooperative relationships allowed Singapore to make
significant gains towards their smart and sustainable city goals by creating a system that
provided the backbone to achieve other sustainable goals. These goals are, in part, attained
by using either free or affordable high-speed internet. Globally, cities need to follow the
example of Singapore in using advanced systems to achieve educational sustainability
goals. Presently, almost every Singaporean household has access to the internet, and almost
every student owns at least one technological device (e.g., smart phone, desktop, tablets,
etc.). Hence, students are able to access the Brain Breaks® videos at home and carry out
PA independently.

With the recent COVID-19 pandemic, the Ministry of Education (MOE) developed
home-based learning (HBL) for all schools. Students can login into the school’s system and
attend online lessons. As students become accustomed and proficient with HBL, they can
access Brain Breaks® videos. Hence, future studies can investigate whether greater access to
exercise videos leads to increased students’ motivation for learning while simultaneously
keeping them physically active. Online PA programs do increase PA accessibility, are
available, and should be used during and after the COVID-19 pandemic [40–45]. In this
regard, development of online programs is needed, and these programs must be consistent
with the United Nations Sustainable Development Goal 3 (Health and Well-Being) and
Goal 11 (Sustainable Cities and Communities) [42,45–47].

Effective implementation of classroom-based PA intervention is highly dependent on
the cooperation and interaction of children and teachers throughout the intervention [17].
The education system in Singapore is based on a systematic design and structured timetable.
Furthermore, the teachers’ creativity, behavior, cooperation, and personal motivation are
essential in implementing the program. The teachers’ knowledge about the benefits and
advantages of the program do play an important role in the students’ motivation. In
addition, the school principal’s support for the program is also an important factor in
monitoring and ensuring that the students carry out the Brain Breaks® PA program in a
safe environment.

The self-reported nature of APAS is one study limitation. For future studies, APAS
could be supplemented by using accelerometers or pedometers to track the students’
PA level. The added information from these measures would provide quantifiable data
pertaining to students’ PA, and provide insights into the physical responses of students
other than their perceived attitudes toward PA. Another possibility is that the positive
increase in student attitude to PA found in this study was from their Physical Education
portion of the schools’ curriculum. Therefore, future studies could evaluate the interaction
of Brain Breaks® and current physical education curriculums.

Besides measuring attitudes toward PA that affect behavior and academic achievement,
other variables such as changes in fundamental movement and motor abilities, students’
effects on-time reaction, and sense of rhythm are also important elements that can be
incorporated as part of future investigations to improve Brain Breaks® videos. This study
is the first to assess the effects of Brain Breaks® on Singapore’s primary school children.
This acknowledgement, along with the study’s experimental design and implementation
in a real-world classroom setting, are distinct study strengths. These findings provide
compelling evidence for the potential use of classroom-based PA and increased awareness
of technological solutions that can increase Singapore’s children PA engagement.

5. Conclusions

The results of this Southeast Asian study provide further international evidence on
the positive benefits of Brain Breaks® Physical Activity Solutions on students’ learning in
support of evidence found by other international studies completed in China, Malaysia,
Poland, North Macedonia, South Africa, and Turkey. This study adds to the understand-
ing that investing as little as three–five min a day is enough time to improve students’
perception of PA and subsequently lead students to engage in more PA during their free
time. What remains unclear is whether these behaviors are carried into adulthood. From
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this study comes the recommendation to utilize and implement exercise videos as an
interactive technology tool in the Singapore school system curriculum. The addition of
exercise videos will benefit students in terms of enhancing their health and facilitating the
education process.
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Abstract: School physical activity breaks are currently being proposed as a way to improve students’
learning. However, there is no clear evidence of the effects of active school breaks on academic-
related cognitive outcomes. The present systematic review with meta-analysis scrutinized and
synthesized the literature related to the effects of active breaks on students’ attention. On January
12th, 2021, PubMed, PsycINFO, Scopus, SPORTDiscus, and Web of Science were searched for
published interventions with counterbalanced cross-over or parallel-groups designs with a control
group, including school-based active breaks, objective attentional outcomes, and healthy students of
any age. Studies’ results were qualitatively synthesized, and meta-analyses were performed if at least
three study groups provided pre-post data for the same measure. Results showed some positive acute
and chronic effects of active breaks on attentional outcomes (i.e., accuracy, concentration, inhibition,
and sustained attention), especially on selective attention. However, most of the results were not
significant. The small number of included studies and their heterogeneous design are the primary
limitations of the present study. Although the results do not clearly point out the positive effects of
active breaks, they do not compromise students’ attention. The key roles of intensity and the leader
of the active break are discussed. INPLASY registration number: 202110054.

Keywords: physical activity; exercise; attention; attentional bias; arousal; randomized controlled
trials; non-randomized controlled trials; cross-over studies; systematic review; meta-analysis

1. Introduction

Active breaks (ABs) are currently gaining attention within the educational context [1].
ABs consist of short periods (usually between five and 15 min) of classroom-based physical
activity (PA) [2], which are integrated into the routine of the class [1,3]. These can be
implemented by the teacher [2] during or between academic instructions [4]. Compared to
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other kinds of school-based PA interventions, ABs show some advantages. For example, (i)
they do not require special spaces or equipment, (ii) teachers can choose when to utilize
ABs according to their lessons’ necessities [2], and (iii) they are not too time-consuming for
practical use [5].

Some authors consider ABs to be an effective approach to promote PA with the final
aim of improving students’ health since school time represents an ideal setting for such
purposes [6]. There is evidence confirming that school-based PA interventions increase
students’ PA levels [7,8]. In fact, the scientific literature suggests that the brain learns better
when active methodologies (active role of students) are implemented instead of passive
methodologies or traditional lessons [9]. This is of special interest nowadays because
most young students do not meet the PA guidelines recommended by the World Health
Organization [10]. Additionally, there is extensive research showing that PA interven-
tions can improve students’ cognitive, metacognitive, and academic outcomes, such as
working memory, attention, processing speed, and academic performance [11,12]. Both
the acute and chronic effects of school-based PA interventions on cognitive and academic
performance have been extensively reviewed [1,3,12,13]. Although their positive effects are
not completely clear for all those variables (e.g., attention, processing speed, or academic
performance), it seems that increasing the amount of school time spent on PA does not
compromise students’ cognitive or academic performance. Therefore, school-based PA
interventions are promising practices when appropriately implemented [14].

Among the cognitive outcomes addressed, attention is of great relevance for students
since it plays a key role in learning [15] and academic achievement [16]. Conceptualizing
attention is not easy due to the myriad of concepts that it involves. Therefore, in the present
study, following Janssen et al. (2014) [17], we did not focus on a single measure of attention
but instead considered attentional outcomes objectively measured within AB research.

Some authors perceive attention as a process of exerting mental effort on specific
stimuli [18], while for others, it is like a “gate” that manages the input of information
into conscious awareness [6]. Notwithstanding, most researchers agree with the multi-
component nature of attention [19]. This is reflected in the numerous different tasks used
to measure attention in previous research [17], such as concentration tasks, time-on-task
behaviors, or even electroencephalography.

It has been hypothesized that the effects of PA on attention, both from acute and
chronic points of view, have a physiological basis (e.g., cardiovascular hypothesis, intensity
of PA, or increases in cerebral blood flow and the number of neurotransmitters) [20]. There
is sufficient evidence to suggest that ABs improve cognition, especially attention [20–22].
Furthermore, previous evidence has shown that ABs can improve students’ attention [7,8,23].
However, results are still heterogeneous [2] and require further confirmation [3].

The inconsistent results presented in the literature could perhaps be explained by
differences in the factors considered from a study design, how attention is measured, or the
inclusion of samples representing different age groups [6] or cardiovascular fitness levels [6],
just as happens in research on overall cognitive performance [2,12]. Moreover, in one
study [24], it was suggested that different results on cognitive effects arise from differences
in AB characteristics (e.g., cognitive engagement or complexity, intensity, duration).

Regarding the acute effects of AB duration, a recent meta-regression analysis suggested
that shorter PA bouts may be more effective than longer ones for improving attention [12].
However, other research has indicated that longer bouts (i.e., >20 min) showed greater
effects [20]. Since other studies did not find differences regarding the duration of PA
bout [25], this topic requires further research to investigate the optimal duration of ABs.

Researchers have already highlighted the importance of investigating the duration
of the cognitive benefits that remain after a PA bout, which is difficult to establish since
post-test timings vary widely across studies, and most studies do not correctly report this
information [1].

Finally, the person responsible for delivering the AB might also influence the char-
acteristics of PA, especially regarding the intensity and student engagement [26,27]. In
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their review, Daly-Smith et al. (2019) [1] reported that the highest proportion of time spent
on moderate-vigorous physical activity (MVPA) in active lessons was associated with the
researcher-led intervention. Similarly, Watson et al. (2017) [3] pointed out that programs
presented a higher fidelity to the required intensity when research staff was responsible
for the intervention. These studies highlight the importance of the intervention deliverers’
qualifications, which has not yet been clarified in the AB literature.

For more than a decade, students’ attention deficits have been a significant concern of
teachers [28]. ABs seem to be a promising way to enhance students’ attentional levels in
the class. However, several questions remain to be answered. To the best of our knowledge,
there is only one previous meta-analysis that examined this issue [2], and it focused only
on overall cognitive- or academic-related outcomes in 6- to 9-year-old students.

Therefore, the aim of this systematic review with meta-analysis was to scrutinize and
synthesize the literature related to the effects of ABs (compared to control conditions) on
the attention of students (of any age). We also addressed some possible moderators that
previous research pointed out as relevant to the effects of ABs on cognition.

2. Materials and Methods

This systematic review (with meta-analysis) followed established international guide-
lines [29,30]. The protocol was published in INPLASY (International Platform of Regis-
tered Systematic Review and Meta-analysis Protocols) with the identification number of
202,110,054 and DOI 10.37766/inplasy2021.1.0054.

2.1. Eligibility Criteria

According to the Participants, Intervention, Comparators, Outcomes, and Study
design (P.I.C.O.S.) approach, the inclusion and exclusion criteria for this systematic review
and meta-analysis can be found in Table 1.

Table 1. Inclusion and exclusion criteria following the P.I.C.O.S. approach.

PICOS Inclusion Criteria Exclusion Criteria

Population Healthy students of any age and of any sex from
elementary to college educational levels.

Populations other than students (e.g., workers,
athletes). Students with a diagnosed

mental disease.

Intervention
ABs consisting of short bouts of exercise in class

during or between academic lessons (e.g.,
structured exercises, free exercise).

No ABs (e.g., physical education classes; playing
with instruments without allowing PA).

Comparator Control conditions (passive or non-active breaks
with limited PA).

Other forms of physical activity interventions
(e.g., physical education lessons).

Outcome

Attentional outcomes (e.g., focused or selective
attention, vigilance, inhibitory control) measured
before (pre-) and after (post-) ABs or a chronic

intervention of ABs.

Outcomes other than attention. No pre-post
comparison. Inaccessible pre- or

post-intervention data.

Study design Counterbalanced cross-over design and
parallel-groups design.

Study designs that do not allow within-subjects
comparisons for both control and AB conditions.

Additional criteria Original and full-text studies written in English.

Non-original articles (e.g., reviews, letters to
editors, trial registrations, proposals for

protocols, editorials, book chapters,
conference abstracts).

2.2. Information Sources

Five electronic databases (PubMed, PsycINFO, Scopus, SPORTDiscus, and Web of
Science) were searched for relevant publications prior to 12 January 2021. Keywords and
synonyms were entered in various combinations: (“activ* break*” OR “physical break*”
OR “physical activity break*” OR “exercise break*” OR “brain break” OR “brain hacking”
OR “movement learning” OR “active learning”) AND (student* OR class* OR school*)
AND attent*. Additionally, the reference lists of included studies were manually searched
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to identify potentially eligible studies not captured by the electronic searches. All records
were screened by two researchers (AIP and FTGF).

2.3. Data Extraction

A data extraction was prepared in Microsoft Excel sheet (Microsoft Corporation,
Readmon, WA, USA), similar to the Cochrane Consumers and Communication Review
Group’s data extraction template (Group, 2016). The Excel sheet was used to assess
inclusion and exclusion requirements and subsequently tested for all selected studies. The
process was independently conducted by two authors (AIP and HS). Any disagreement
regarding study eligibility was resolved in a discussion with a third author (FTGF) when
necessary. Full text articles excluded and the reasons for doing so were recorded (see
Table A1 in Appendix A). All the records were stored in the sheet.

2.4. Data Items

The following categories of information were extracted from included articles:
(i) randomization unit, design, number of participants (n), age group (schoolchildren,
young adults or both), sex (men, women or both); (ii) fitness of participants; (iii) identifi-
cation of ABs (time, duration, weekly and/or daily frequency, intensity and type of PA,
academic content, the person who is responsible for the AB, and protocol), (iv) treatment
fidelity, (v) measurement of attention (i.e., task), (vi) time of measurements (pre and post)
and (vii) effect measured (i.e., acute effects vs. chronic effects).

2.5. Assessment of Methodological Quality

The methodological quality of studies was assessed using the Revised Cochrane risk-of-
bias tool for randomized trials (RoB 2) for randomized controlled trials (RCTs) [31], as well
as the supplements for cluster randomized trials (CRTs) [32] and for cross-over trials [33].
For non-RCT, the Cochrane risk of bias tool for non-randomized studies of interventions
(ROBINS-I) scale was used [34]. These tools include a minimum of 21 items that enable
the assessment of the risk of bias (i.e., “low risk”, “some concerns”, or “high risk”) of
several dimensions that vary according to the study design (namely, bias arising from the
randomization process, bias due to deviations from intended interventions, bias due to
missing outcome data, bias in measurement of the outcome, and bias in selection of the
reported result). An ‘intention-to-treat’ effect approach was followed for all the assessments,
which implies that the interest focused on the effect of assignment to the interventions. This
approach was followed because there was a wide variety of study designs and protocols
could not be reviewed in most of the cases. Altogether an overall level of risk of bias
per study was computed. Risk of bias assessments were based on the published articles,
which were accompanied with the trial protocols in two studies [6,35]. Two of the authors
(AIP and HS) independently screened and assessed the included articles. Discrepancies
were solved by consensus between the two authors without the need for assistance from a
third author.

2.6. Statistical Analyses

Meta-analyses were performed if at least three study groups provided pre-post AB-
related data for the same measure. Using a random-effects model, the means and standard
deviations (SD) for dependent variables were used to calculate effect sizes (ES; Hedges’ g)
for each outcome in AB treatments and control conditions. When means and SDs were
not available, they were obtained from 95% confidence intervals (CIs) or standard error of
mean (SEM), using Cochrane recommended formulas. Data were standardized using post-
intervention SD values. The ES values are presented with 95% confidence intervals (CI).
Calculated ES were interpreted using the following scale: <0.2, trivial; 0.2–0.6, small; >0.6–
1.2, moderate; >1.2–2.0, large; >2.0–4.0, very large; >4.0, extremely large [36]. Heterogeneity
was assessed using the I2 statistic, with values of <25%, 25–75%, and >75% considered
to represent low, moderate, and high levels of heterogeneity, respectively [37]. The risk
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of bias was explored using the extended Egger’s test [38]. To adjust for publication bias,
a sensitivity analysis was conducted using the trim and fill method [39], with L0 as the
default estimator for the number of missing studies [40]. All analyses were carried out
using the Comprehensive Meta-Analysis software (version 2; Biostat, Englewood, NJ, USA).
Statistical significance was set at p ≤ 0.05.

3. Results

3.1. Study Identification and Selection

The database search retrieved 1809 titles, which were exported to reference man-
ager software (EndNoteTM X9, Clarivate Analytics, Philadelphia, PA, USA). Duplicates
(520 references) were subsequently removed either automatically or manually. The remain-
ing 1289 articles were screened for their relevance based on titles and abstracts, resulting in
the removal of a further 1244 studies. Following the screening procedure, 45 articles were
selected for in-depth reading and analysis. After reading full texts, a further 36 studies were
excluded due to not meeting the eligibility criteria (Table A1). Finally, nine studies were
selected for the further analysis together with another seven studies that were identified
from other sources, reaching a total of 16 included studies (Figure 1), involving 3383 partic-
ipants between 6 and 13 years old. Due to the limited number of studies included into the
review for each attentional outcome (e.g., global attention, selective attention, inhibition,
etc.), results from participants of all ages included were grouped together despite this age
range involves different stages of development.

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram highlighting the
selection process for the studies included in the systematic review.
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3.2. Study Characteristics

Eleven studies followed a parallel-groups design with seven RCTs [19,35,41–45], three
CRTs [24,46,47], and one non-randomized [48] (Table 2). Additionally, the remaining five
studies followed a cross-over design (three single-group design studies [6,23,49] and two
CRTs [50,51]) (Table 3).

The protocols’ characteristics for all studies can be found in Table 4. Most of the stud-
ies addressed the acute effects of ABs [6,19,23,35,41–45,49–51], while only four addressed
chronic effects [24,46–48]. Considering both types of effects, AB duration varied from
4 [23] to ≈ 25 min [41]. Interventions addressing chronic effects were applied to two ABs
per week over two weeks [24] to five ABs per week over ten weeks [46]. Overall, ABs
consisted of aerobic or coordinative moderate PA (MPA) [6,23,35,41,46,50], vigorous PA
(VPA) [6,44,45], or MVPA [19,41–43,47,49]. Two studies reported that the registered inten-
sity was lower (i.e., light or light-to-moderate) than expected [24,51], and one did not report
intensity-related data [48]. Regarding the type of PA, nine studies included cognitively
engaging PA conditions (i.e., combined activities, games, dancing, or coordinative exercises)
[19,24,41–43,47–49,51], with two of them relating the PA to academic contents [24,49]; the
other interventions included aerobic PA. Most of the interventions were delivered by the re-
searchers [6,19,23,24,35,41–43,45,51]. Five of them were by the classroom teachers [6,47–50],
and four of them also relied on videos to guide the ABs [24,35,48,51].

3.3. Methodological Quality

The overall methodological quality of the intervention studies can be found in Table A2.
Nine studies were assessed as having some concerns in their overall RoB 2 quality scale,
and eight were assessed as high risk of bias. The score for the only study assessed by
ROBINS-I was critical [48]. None of the studies achieved low risk of bias. Methodological
assessment revealed issues on the quality of the bias in the information reported on the ran-
domization process, the reporting of possible deviations from the intended interventions
and the selection of the reported result.

3.4. Active Breaks: Effects on Attention

Due to the multi-component nature of attention, a wide variety of attention-related
outcomes were reported among included studies (e.g., global attention; selective attention).
Table A3 shows a synthesis of the outcomes according to the task and their scoring. Overall,
results from the 11 parallel groups design studies (Table 2) showed that the effects of ABs
on attention were mainly positive or non-significant; no negative effect of ABs was found.
In addition, results from the five cross-over design studies (Table 3) showed similar results,
with positive or no effects on attentional outcomes and without negative results. The
results for each outcome are synthesized in the following sections.

3.4.1. Effects on Accuracy

Accuracy was only measured with the d2 test. Acute positive effects were found only
in an aerobic MPA AB intervention on 9 to 11-year-old students [23]. No other acute [19,45]
nor chronic effects were found [48]. Meta-analyses could not be run since there were less
than three studies per analysis.
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Table 2. Characteristics of the selected studies with a parallel-groups design.

Study
Risk of Bias

Design and AB Type
Age (y.o.) Mean ± SD

(Range)
Academic Level

Sample Size (n)
and Sex

Attentional Outcomes
(Instrument)

Fitness Level Results

Altenburg et al. (2016)
[35]

Some concerns

RCT: two IG and one CG.
Acute.

NR (10–13)
NR

All: 52 (29♀33♂)

Selective attention (Sky
Search in TEA-Ch) NR

Children in IG2 (two ABs)
had better selective attention

than children in IG1 (one
AB) or CG. There was no
difference between IG1

and CG.

IG1: 17 (5♀12♂)
IG2: 20 (9♀11♂)
CG: 19 (12♀7♂)

Buchele et al. (2018)
[48]

Critical risk

Non-randomized
quasi-experimental: two

IGs and one CG.
Chronic.

NR (≈10–11)
5th grade

All: 116 (59♀57♂) Accuracy (d2) *

NR

The IG1 increased all
attentional outcomes (except
accuracy) compared to the
CG and concentration and

sustained attention
compared to IG2 (no AB).
There were no differences

between IG2 and CG.

IG1: 31 (14♀17♂) Concentration (d2)
IG2: 29 (10♀19♂) Selective attention (d2)

CG: 56 (35♀21♂) Sustained attention (d2)
*

Egger et al. (2018) [41]
Some concerns

RCT: three IGs and one
CG.

Acute.

All: 7.94 ± 0.44 (7–9)
IG1: 7.99 ± 0.38
IG2: 7.93 ± 0.45
IG3: 7.96 ± 0.50
CG: 7.90 ± 0.44

2nd grade

All: 216
(~106♀110♂) Inhibition reaction time

(ms) (flanker task)
Shifting reaction time

(ms) (flanker task
additional block)

Multistage 20m-SRT: IG1:
304.58 ± 123.18. IG2:
284.27 ± 141.16. IG3:
306.43 ± 144.23. CG:

278.55 ± 129.13

A significant, negative effect
was found for the CE factor
in shifting. No effects were
found for the PA factor or

the interaction between PA
and CE.

IG1: 59
IG2: 53
IG3: 50
CG: 54

Jäger et al. (2014) [42]
Some concerns

RCT: one IG and one CG.
Acute.

7.91 ± 5.05 (months)
All: 104 (57♀53♂)

Inhibition reaction time
(ms) (flanker task)

Shifting reaction time
(ms) (flanker task
additional block)

Motor fitness: 20m-SRT,
20m sprint test and jump

side-to-side.

The AB improved only
inhibition, and its effects
remained for less than 40

min after the AB. The
improvements were

suggested to be independent
of the participants’

characteristics and stronger
among those with higher

increases in cortisol.

(6.83–8.92) IG: 51 (27♀24♂)
2nd grade CG: 53 (30♀23♂)

161



Brain Sci. 2021, 11, 675

Table 2. Cont.

Study
Risk of Bias

Design and AB Type
Age (y.o.) Mean ± SD

(Range)
Academic Level

Sample Size (n)
and Sex

Attentional Outcomes
(Instrument)

Fitness Level Results

Jäger et al. (2015) [43]
High risk

RCT: three IGs and one
CG.

Acute.

11.29 ± 6.53 (months)
(10.33–12.33)

NR

All: 217 (120♀97♂)
IG1: 54 (35♀19♂)
IG2: 62 (28♀34♂)
IG3: 60 (30♀30♂)
CG: 58 (33♀25♂)

Inhibition reaction time
(ms) (flanker task)

Shifting reaction time
(ms) (flanker task
additional block)

18-mSRT: VO2max
(ml/kg/min): Posttest:
IG1: 46.77 ± 6.73, IG2:

47.98 ± 6.01, IG3: 46.77
± 5.96), CG: 47.58 (6.12)

No effects of AB (with and
without considering CE)

were found. Fitness did not
moderate the effects.

Niemann et al. (2013)
[44]

High risk

RCT: one IG and one CG.
Acute.

9.69 ± 0.44 (9–10)
IG: 9.65 ± 0.41
CG: 9.74 ± 0.48

4th grade

All: 42
IG: 27 (13♀14♂)
CG: 15 (7♀8♂)

Concentration (d2) NR

The IG showed better
concentration than CG,
although both groups
improved from pre- to
post-test. There was an

interaction between group
(IG, CG) test (pre, post), and

PA level (high, low).

Ordóñez et al. (2019)
[46]

High risk

CRT: one IG and one CG.
Chronic.

11.1 (11-12)
6th grade (Spanish

Elementary Education)

All: 89
IG: 45
CG: 44

Concentration (FACES)
Selective attention

(FACES)

ALPHA.
Lower-limb muscle
strength (meters):

Pretest: IG: 1.36 ± 0.21;
CG: 1.38 ± 0.20. Posttest:
IG: 1.42 ± 0.21; CG: 1.40
± 0.21. Coordination (no.
jumps): Pretest: IG: 28.33
± 6.89; CG: 26.40 ± 5.68.
Posttest: IG: 30.87 ± 5.68;

CG: 27.33 ± 5.90.
Cardiorespiratory

capacity (min): Pretest:
IG: 6.42 ± 0.75; CG:6.46
± 0.83. Posttest: IG: 5.61
± 0.68; CG: 6.20 ± 0.75

Significant differences
between groups with higher
levels of attention in the IG.
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Table 2. Cont.

Study
Risk of Bias

Design and AB Type
Age (y.o.) Mean ± SD

(Range)
Academic Level

Sample Size (n)
and Sex

Attentional Outcomes
(Instrument)

Fitness Level Results

Schmidt et al. (2016)
[19]

Some concerns

RCT: three IGs and one
CG.

Acute.

11.77 ± 0.41 (11.01–12.98)
5th grade

All: 92 (42♀50♂)
IG1: 25 (~12♀23♂)
IG2: 22 (10♀12♂)
IG3: 25 (11♀14♂)
CG: 20 (9♀11♂)

Accuracy (d2) *
Concentration (d2) NR

No significant effects of ABs
or their interactions with CE

were found concerning
attention. However, high CE
interventions had a positive
effect on focused attention,
and positive affect had a

mediational role between CE
factor, accuracy, and focused

attention, but not for PA.

Schmidt et al. (2019)
[24]

Some concerns

CRT: two IGs and one
CG.

Chronic.

9.04 ± 0.70
3rd grade

All: 104 (50♀54♂)
IG1: 34
IG2: 37
CG: 33

Concentration (d2)
(measured after 3rd AB) NR

Focused attention did not
differ between the three

groups after controlling for
age, step counts, and
attention at pretest.

Tine et al. (2012) [45]
High risk

RCT: one IG and one CG.
Acute

NR (10.33–13.5)
6th–7th grade

All: 164
IG:86 (45♀41♂)

CG: 78 (40♀38♂)
(divided by

income)

Accuracy (d2) *
Selective attention (d2) NR

The IG improved only
regarding selective attention.

Moreover, lower-income
children exhibited greater

improvements than
higher-income children.

Van den Berg et al.
(2019) [47]

For most outcomes:
Some concernsFor d2:

High risk

CRT: one IG and one CG.
Chronic.

IG: 10.8 ± 0.6
CG: 10.9 ± 0.7

(9–12)
5th–6th grade

All: 510 (448 to 467,
depending on the

outcome).
IG: 100 (46♀54♂)
CG: 100 (47♀53♂)

Alerting reaction time
(ms) and accuracy (%)

(ANT)
*Concentration (d2)

Inhibition reaction time
(ms) and accuracy (%)

(ANT a and Stroop Color
Word Task *)

Orienting reaction time
(ms) and accuracy (%)

(ANT) *

18-mSRT: VO2max
(ml/kg/min): Pretest:

IG: 48.1 ± 5.0; CG: 48.0
± 5.0. Posttest: IG: 48.9
± 0.2; CG: 48.8 ± 0.2

No intervention effects were
detected on any outcome

after controlling for pretest
score, age, arithmetic

performance, class, and
school.

The IG spent more time in
MVPA, but their fitness
levels were similar to
students in the CG.

AB: active break, ANT: attentional network test; BMI: body mass index, CE: cognitive exertion, CG: control group, CRT: cluster randomized trial, EF: executive functions, IG: intervention group, NR: not reported,
PA: physical activity, RCT: randomized controlled trial, SES: socioeconomic status, SRT: shuttle run test; TEA-Ch: Test of Selective Attention in Children. a Executive control, but it is similar to the other inhibition
tasks. Therefore, results were treated as inhibition. * Not included in the meta-analysis.
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Table 3. Characteristics of the selected studies with a cross-over design *.

Study
Risk of Bias

Design and Type of AB
Age (y.o.) Mean ± SD

(Range)
Academic Level

Sample Size (n)/Sex
Outcomes

(Instruments/Tasks)
Fitness Level Results

Hill et al. (2010) [50]
Some concerns

CRT counterbalanced
with two conditions.

Acute.

NR
(8-11)

4th–7th grade (Scottish)

All: 1224 (1074
completed three or more

of the tests on both
weeks)

Global attention: overall
performance of different
executive functions tests)

-

AB improved attention
only among participants

who received the
intervention in the

second period.
Improvements were

moderated by test and
age.

Janssen et al. (2014) [6]
High risk

Single group. Three
randomized conditions

at the group level.
Acute.

10.4 ± 0.59
(10–11)

5th grade
All: 123 (61♀62♂) Selective attention (Sky

Search in TEA-Ch)
20-mSRT (dichotomized

into high or low)

Attention was
significantly better in all

the conditions than in
the ‘no break’ condition.
Attention scores were
best after the MPA AB.

Attention after VPA
breaks was better than
after no break but was
no different than after
the passive break. No
moderation effect of
fitness was detected.

Ma et al. (2015) [23]
High risk

Single group (divided).
Two randomized

conditions at the group
level.

Acute (mean of several
acutes).

NR
(9–11)

3–5th grade
All: 88 (44♀44♂)

Accuracy (d2)
Concentration (d2)

Selective attention (d2)
-

Better processing speed
scores were reported
after no AB. Accuracy
improved after the AB.
No effects on selective

attention were observed
following the AB,
although accuracy

improved.
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Table 3. Cont.

Study
Risk of Bias

Design and Type of AB
Age (y.o.) Mean ± SD

(Range)
Academic Level

Sample Size (n)/Sex
Outcomes

(Instruments/Tasks)
Fitness Level Results

van den Berg et al. (2016)
[51]

Some concerns

CRT counterbalanced
with two conditions in
three different groups.

Acute.

11.7 ± 0.7
(10–13)

5th–6th grade

All: 184 (46♀54♂)
IC1: 66 (47♀53♂)
IC2: 71 (44♀56♂)
IC3: 47 (49♀51♂)

Concentration (d2) -

No effects of ABs
(LMPA) on attention

were reported nor were
differential effects of
exercise type, after

controlling for age and
session order. Scores for

both conditions
improved from day 1 to

day 2.

Wilson et al. (2016) [49]
Some concerns

Single group. Two
randomized conditions

at the group level.
Acute (mean of several

acutes).

11.2 ± 0.6
(≈10–12)

5th–6th grade
All: 58 ♂

Vigilance Mean Reaction
Time (ms) and lapses (%)

(PVT)
-

There were no
significant differences
between the AB and
no-AB conditions.

AB: active break, BMI: body mass index, CC: control condition, CE: cognitive exertion, CRT: cluster randomized trial, EF: executive functions, IC: intervention condition, NR: not reported, PA: physical activity,
PVT: psychomotor vigilance task; RCT: randomized controlled trial, SES: socioeconomic status, SRT: shuttle run test; TEA-Ch: Test of Selective Attention in Children. * Not included in the meta-analysis.
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Table 4. Protocols of interventions.

Study ID Type of AB CG/CC Activity
AB

Duration
(Min)

Duration and
Weekly/Daily

Freq.
Time of AB

Intensity and
Type of PA

Responsible
Timing of

Pre-Test and
Post-Test

Fidelity

Altenburg et al.
(2016) [35]

IG1: One 20-min AB.
IG2: Two 20-min PA

bouts.

CG: No PA.
Sitting all
morning

working on
simulated

school tasks.

20
NA

IG1: 1 t-d; IG2: 2
t-d

IG1: after 90
min of sitting.
IG2: one AB at
the start and

another after 90
min of sitting.

MPA. Aerobic.
No AC.

Supervising
research staff
with videos

Pre: At baseline
(T0).

Post: After 20
min of school,
after 130 min;
and after 220

min.

HR monitor

Buchele et al.
(2018) [48]

IG1 “Coordinated
bilateral PA”.

IG2 * “Fitbit Only”:
Participants wore HR
monitors on weekly

days with no addition
instructions.

CG: Usually
scheduled

school academic
instruction

periods while
wearing plastic

wristbands.

6 4 weeks
5 d-w/1 t-d

After 20 min of
sedentary
behavior.

NA
IG1 Coordina-

tion.IG2: no PA.
No AC.

Teachers with
videos

Pre: The
previous week

the intervention.
Post: The week

after the
intervention.

NR

Egger et al.
(2018) [41]

IG1 “Combo: high CE
+ high PA”: Running

while listening to a
song with keywords
to perform specific
actions and inhibit

others.
IG2 * “Cognition:

high CE + low PA”:
Sitting while listening
and reacting to a song.
IG3 “Aerobic: low CE
+ high PA”: Running

while listening to a
song, but without

changing the actions
performed.

CG “Low CE +
low PA”:

Participants sat
comfortably in a

circle and
listened to an

age-appropriate
audio-book for

20 min.

≈25 a NA Morning
(9:25–9:50 a.m.)

MVPA.
IG1: Cognitive.

IG2: no PA.
IG3: Aerobic.No

AC.

Researcher

Pre: Before the
AB (9:05–9:25

a.m.).
Post:

Immediately
after the AB
(9:50–10:10

a.m.).

HR monitors
and Borg RPE

scale.
Perceived CE

was also
assessed
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Table 4. Cont.

Study ID Type of AB CG/CC Activity
AB

Duration
(Min)

Duration and
Weekly/Daily

Freq.
Time of AB

Intensity and
Type of PA

Responsible
Timing of

Pre-Test and
Post-Test

Fidelity

Hill et al. (2010)
[50]

IC: Stretching and
aerobic PA (e.g.,

running on the spot,
hopping sequences to

music).

CC: Normal
curriculum

plan.
10–15 2 weeks

5 d-w/1 t-d
≈30 min after

lunch.
MPA. Aerobic.

No AC. Trained teachers

Pre: NR.
Post: At the end

of the school
day.

Teachers’
control

Jäger et al.
(2014) [42]

IG “EF-specific
cognitive engaging

PA”: Warm-up with a
song, playing tag, and
balancing on various

objects.

CG: 15 min
seated on a mat
while listening

to an
age-appropriate
story. The last 5
min were spent
answering easy

questions.

≈20 NA 10:00–10:20 a.m.
MVPA.

Cognitive.
No AC.

Researcher

Pre: Prior the
intervention.

Post: Just after
the AB.

Follow-up 40
min after.

HR monitors

Jäger et al.
(2015) [43]

IG1 “Physical games:
PA + CE”: three

different cooperative
and competitive PA
games involving EF.

IG2 “Aerobic
exercise”: Short tasks

and games with
different forms of

running.
IG3 * “Cognitive

games: Sedentary +
CE”: card game.

CG: Sedentary
without CE:

Participants sat
comfortably on

a mat and
listened to an

age-appropriate
story.

20 NA NR

MVPA.
IG1: Cognitive
IG2: Aerobic.
IG3: no PA.

No AC.

Researcher

Pre: Just before
the intervention.

Post:
Immediately

after the
intervention.

HR monitors
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Table 4. Cont.

Study ID Type of AB CG/CC Activity
AB

Duration
(Min)

Duration and
Weekly/Daily

Freq.
Time of AB

Intensity and
Type of PA

Responsible
Timing of

Pre-Test and
Post-Test

Fidelity

Janssen et al.
(2014) [6]

IC1 “MPA-AB”:
Walking to and from

the PE classroom,
jogging, and passing
and dribbling a ball.

IC2 “VPA-AB”:
Running to and from

the PE classroom,
running, jumping,
and rope skipping.

CC1: No break.
Participants

were not
allowed to ask
the teacher for

help or go to the
toilet.

CC2: Passive
break. The

teacher read a
story to the

participants.

15 NA

After an hour of
regular

cognitive tasks
(9:30–10:00 a.m.)

IC1: MPA:
Aerobic.

IC2: VPA:
Aerobic.
No AC.

Two researchers
and the

classroom
teacher

Pre: Before and
after each

experimental
break in the
classroom.

Post: After each
experimental
break in the
classroom.

Accelerometry

Ma et al. (2015)
[23]

IC “FUNtervals”:
eight 20 s periods of

VPA (i.e., squats,
jumping jacks, scissor
kicks, jumping on the

spot) separated by
10-s rest periods.

CC: 10-min
lecture

separated from
recess by at least

20 min of
normal

classroom
instruction.

10 a (4)
3 weeks.

On two separate
days in random.

After at least 20
min of normal

classroom
instruction

following the
recess.

MPA. Aerobic
No AC. Researcher

Pre: In week 1,
familiarization.

Post: after
10-min

researcher-
delivered

lecture
following AB.

Teachers’
control

Niemann et al.
(2013) [44]

IG: Running on a 400
m track. Participants
were not allowed to

talk to each other and
remained silent.

CG: Participants
performed
sedentary

behavior while
watching

non-arousing
scenes.

Participants
were not

allowed to talk
to each other
and remained

silent.

12 NA After 11:30 a.m. VPA. Aerobic.
No AC. NR

Pre: After four
normal school

lessons just
before AB.

Post: 5 min after
AB.

Control of
prior PA in

interventions
days
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Table 4. Cont.

Study ID Type of AB CG/CC Activity
AB

Duration
(Min)

Duration and
Weekly/Daily

Freq.
Time of AB

Intensity and
Type of PA

Responsible
Timing of

Pre-Test and
Post-Test

Fidelity

Ordóñez et al.
(2019) [46]

IG: The first two
weeks: running a

250-m circuit inside
the school; the next
four weeks: 500 m;
and in the last four

weeks: 750 m.

CG: No AB. NA 10 weeks
5 d-w/1 t-d

Between the 2nd
and 3rd lesson
in the morning.

MPA. Aerobic.
No AC. NR

Pre: At the same
time with both

groups, just
before AB.
Post: NR.

Prior familiar-
ization for

maintaining
MPA

Schmidt et al.
(2016) [19]

IG1 “Combo: high
CE + high PA”:

PA-based activity of
adding numbers.

IG2 “Cognition: high
CE + low PA”: A

paper
-and-pencil

trail-making test.
IG3 “Aerobic: low CE
+ high PA”: Running

at different speeds.

CG “sedentary +
low CE”:
Students

remained at
their desks in
the classroom
and listened to

an
age-appropriate
story for 10 min

to relax and
enjoy.

10 NA

After 20 min of
German

language class
(11:15–11:30

a.m.)

MVPA.
IG1: Cognitive

IG2: no PA.
IG3: Aerobic.

No AC.

Researchers

Pre: Before AB
(10:45–10:55

a.m.).
Post:

Immediately
after AB

(11:30–11:40
a.m.).

HR monitors,
Borg scale,

and
self-perceived

CE

Schmidt et al.
(2019) [24]

IG1 “Embodied
learning condition”:
PA-based learning
French vocabulary.

IG2 “PA condition”:
Movements at the

same intensity
without academic

content.

CG: Sedentary
teaching style
(words were

repeated equally
as under other

conditions).

10 2 weeks
2 d-w/1 t-d

10:00 am–12:00
p.m.

LPA
IG1: Cognitive
IG2: Aerobic.

AC: IG1:
earning animals
in French; IG2:

No.

Trained research
student with a

video

Pre: Before the
beginning of the

first learning
session.

Post:
Immediately

after the third
learning session.

Accelerometry
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Table 4. Cont.

Study ID Type of AB CG/CC Activity
AB

Duration
(Min)

Duration and
Weekly/Daily

Freq.
Time of AB

Intensity and
Type of PA

Responsible
Timing of

Pre-Test and
Post-Test

Fidelity

Tine et al. (2012)
[45]

IG: Running around
an indoor track.

CG: Students
remained seated

and viewed a
12-min film

video.

12 NA

2 sessions on
separate days
during usual
gym classes.

VPA. Aerobic.
No AC. Researchers

Pre: Just before
AB.

Post: One
minute after AB.

HR monitors

van den Berg
et al. (2016) [51]

IC1 “Aerobic”: Easy
and repetitive
movements.

IC2 “Coordination”:
Complex movements
stressing coordinative

skills.
IC3 “Strength”:

Dynamic and static
body-weight exercises

adjusted to the age.

CC: 12 min of
sitting and

listening to an
educational
lesson about
exercise and
movement.

12 NA 8:30–10:00 a.m.

LMPA (target:
MVPA).

IC1: Aerobic.
IC2:

Coordination.
IC3: Strength.

No AC.

Researcher,
three research
assistants, and
standardized

movie

Pre: Just before
AB.

Post:
Immediately

after AB.

HR monitor,
familiariza-

tion and
control of
previous
bedtime,

breakfast, and
transport to

school

van den Berg
et al. (2019) [47]

IG: Following three
“Just Dance” videos.

CG: Nine 10–15
min educational
lessons once a

week.

10 9 weeks
5 d-w/1 t-d NR

MVPA.
Dancing.
No AC.

Teachers

Pre: The week
before the

intervention
started.

Post: The
following week

after the
intervention.

Accelerometry
Teachers’
control.

Wilson et al.
(2016) [49]

IC “Active Lesson
Breaks” outside the
regular classroom,

including tag/chasing
games, or

invasion-type games.

CC: Passive
lesson break:
Participants
spent 10 min

sitting outside
their classroom

reading.

10

8 weeks each + 2
weeks of
washout.

3 d-w/1 t-d

-

MVPA.
Cognitive.

AC: based on
Take10! and

Energizers, or
Texas I CAN.

Trained teacher

Pre: 5 min
before AB.

Post:
Immediately

after AB.

Accelerometry

AB: active break, AC: academic content; CC: control condition, CE: cognitive engagement, CG: control group, HR: heart rate, IC: intervention condition, IG: intervention group, LMPA: light-to-moderate
physical activity, LPA: light physical activity, MPA: moderate physical activity, MVPA: moderate-to-vigorous physical activity, NA: not reported, PA: physical activity; PE: physical education. a Including time of
preparation. * Not AB: Intervention group or condition that did not include ABs. Groups and conditions are reported in bold letters to improve legibility.
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3.4.2. Effects on Inhibition

Inhibition was measured in four studies through the flanker task, the Stroop task, and
the ANT tests. Only one study found acute favorable effects after a 20-min cognitively
engaged AB intervention [42]. The remaining studies on acute [41,43] or chronic [47] effects
found no significant results.

Regarding the meta-analysis, four studies provided data for inhibition (i.e., reaction
time results from flanker and ANT) involving six experimental and four control groups
(pooled n = 900). There was a trivial effect of AB on inhibition (ES = 0.08; 95% CI = −0.07 to
0.23; p = 0.293; I2 = 12.0%; Egger’s test p = 0.576; relative weight of each group: 9.9 to 44.7%;
Figure 2). After study-by-study and group-by-group sensitivity analyses, no significant
changes in results were noted (i.e., p-value remained at > 0.05, mean ES = 0.02 to 0.14).
No significant sub-group differences (p = 0.342) were identified between acute (ES = 0.14;
95% CI = −0.07 to 0.35; within-group I2 = 13.8%, five study groups) and chronic effects
(ES = 0.01; 95% CI = −0.18 to 0.19; within-group I2 = 0.0%, one study group).

Figure 2. Forest plot of changes in inhibition in school-age students participating in active breaks (AB) compared to controls.
Values shown are effect sizes (Hedges’ g) with 95% confidence intervals (CI). The size of the plotted squares reflects the
statistical weight of each study. The black diamond reflects the overall result. This trend is not statistically significant. IG:
intervention group.

3.4.3. Effects on Concentration

Eight studies reported an index of concentration performance, which has been mainly
measured by the d2 and FACES tests. Regarding the acute effects, one of them found
positive effects of 12-min VPA on 9 to 10-year-old students’ concentration [44]. On the
other hand, positive chronic effects after four and 10 weeks of intervention were found in
two of four studies [46,48]; however, the four-week study of these was assessed as high
risk at ROBINS-I [48]. No other significant effects were found.

Six studies provided data for concentration, involving nine experimental and six
control groups (pooled n = 881). There was a trivial effect of AB on concentration (ES = 0.19;
95% CI = −0.08 to 0.46; p = 0.161; I2 = 63.5%; Egger’s test p = 0.581; relative weight of each
group: 8.2 to 17.9%; Figure 3). A sensitivity analysis according to ROBINS-I was conducted,
removing the study of Buchele et al. (2018) [48], with no significant changes in results.
However, a study-by-study sensitivity analysis, removing the study of Schmidt et al.,
(2019) [24], revealed a small effect of AB on concentration performance (ES = 0.34; 95% CI
= 0.20 to 0.48; p < 0.001). No significant sub-group differences (p = 0.627) were identified
between acute (ES = 0.27; 95% CI = −0.07 to 0.60; within-group I2 = 0.0%, four study
groups) and chronic effects (ES = 0.14; 95% CI = −0.29 to 0.56; within-group I2 = 81.2%,
five study groups).
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Figure 3. Forest plot of changes in concentration in school-age students participating in active breaks (AB) compared to
controls. Values shown are effect sizes (Hedges’ g) with 95% confidence intervals (CI). The size of the plotted squares reflects
the statistical weight of each study. The black diamond reflects the overall result. This trend is not statistically significant.
IG: intervention group; HA: high-active subgroup; LA: low-active subgroup. * Critical risk in ROBINS-I.

3.4.4. Effects on Selective Attention

Six studies measured selective attention with the d2, FACES and the Sky-Search task
in TEA-Ch tests. With the exception of one study [23], the other three studies that measured
acute effects reported positive results, with ABs varying between 12 and 20 min of MPA
or VPA. Of note, one of the interventions only reported favorable results on the group
that participated in two ABs during the same morning and no differences between one
AB and no AB [35], while other reported only benefits for the AB of MPA and not for the
VPA AB [6]. In addition, greater benefits were reported among low-income students [45].
Regarding the chronic effects, results were similar to the concentration’s results.

Four studies provided data for selective attention, involving five experimental and
four control groups (pooled n = 395). There was a moderate effect of AB on selective
attention (ES = 0.61; 95% CI = 0.41 to 0.82; p < 0.001; I2 = 0.0%; Egger’s test p = 0.036
(corrected values: ES = 0.67, 95%CI 0.45 to 0.88); relative weight of each group: 7.2 to
41.1%; Figure 4). A sensitivity analysis according to ROBINS-I was conducted, removing
the study of Buchele et al. (2018) [48], with no significant changes in results (i.e., p-value
remained at <0.001, mean ES = 0.59). Similarly, after study-by-study and group-by-group
sensitivity analyses, no significant changes in results were noted (i.e., p-value remained
at <0.001, mean ES = 0.48 to 0.65). No significant sub-group differences (p = 0.963) were
identified between acute (ES = 0.55; 95% CI = 0.10 to 1.00; within-group I2 = 43.5%, three
study groups) and chronic effects (ES = 0.54; 95% CI = 0.23 to 0.84; within-group I2 = 0.0%,
two study groups).
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Figure 4. Forest plot of changes in selective attention in school-age students participating in active breaks (AB) compared
to controls. Values shown are effect sizes (Hedges’ g) with 95% confidence intervals (CI). The size of the plotted squares
reflects the statistical weight of each study. The black diamond reflects the overall result. This is a statistically significant
result. IG: intervention group. * Critical risk in ROBINS-I.

3.4.5. Effects on Shifting

Shifting was only assessed in three studies [41–43] that used the flanker task to test
acute effects. None of them found any acute effect after ABs. In the meta-analyses, the
three studies provided data, involving five experimental and three control groups (pooled
n = 441). There was a trivial effect of AB on shifting (ES = −0.18; 95% CI = −0.52 to 0.15;
p = 0.286; I2 = 65.7%; Egger’s test p = 0.229; relative weight of each group: 19.1 to 21.8%;
Figure 5). After study-by-study and group-by-group sensitivity analyses, no significant
changes in results were noted (i.e., p-value remained at >0.05, mean ES = −0.29 to 0.27).

Figure 5. Forest plot of changes in shifting in school-age students participating in active breaks (AB) compared to controls.
Values shown are effect sizes (Hedges’s g) with 95% confidence intervals (CI). The size of the plotted squares reflects the
statistical weight of each study. The black diamond reflects the overall result. This trend is not statistically significant. IG:
intervention group.

3.4.6. Effects on Sustained Attention/Vigilance

ANT, d2 and PVT tests were employed in each of the three studies that measured
sustained attention/vigilance [47–49]. No acute effects were found [49]. On the other hand,
positive chronic effects after a four-week intervention were found [48], but it presented
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a high risk at ROBINS-I. Meta-analyses could not be run since there were less than three
studies per analysis.

3.4.7. Effects on Other Outcomes

Only one study [47] measured orienting, in 9 to 12-year-old students, before and after
a 9-week intervention of daily MVPA cognitive ABs. No chronic effects were found. In
addition, one study, of 8 to 11-year-old students, reported a global outcome of attention by
a compendium of different executive function tasks [50]. This study found favorable acute
effects after 10-15 min of AB involving aerobic MPA. Due to the reduced number of studies
reporting data for these outcomes, a meta-analysis was precluded.

4. Discussion

4.1. Discussion of Evidence

The present systematic review with meta-analysis scrutinized and synthesized the
literature related to the effects of ABs on students’ (of any age) attention when compared to
control conditions. The results do not point to any clear acute or chronic effects of ABs on
students’ overall attention, although some positive effects were found in terms of accuracy,
concentration, inhibition, sustained attention, and (especially) selective attention. The
meta-analysis revealed no statistical differences between AB and control groups regard-
ing inhibition (Figure 2), concentration (Figure 3), or shifting (Figure 5). The trends for
inhibition and concentration favored AB groups, and the trend for shifting favored the
control groups. Nevertheless, all three meta-analyses included zero in their confidence
intervals; therefore, no solid conclusions can be drawn. However, for selective attention,
there was a significant difference between the AB and control groups (Figure 4) in favor of
the former. These results will be discussed. In addition, overall, ABs did not compromise
students’ attention.

As a first approximation to the problem, we suggest that the small number of positive
effects [6,23,35,42,44–46,48,50] in the different included outcomes could be attributed to
the fact that performing any type of exercise provokes neurophysiological changes in the
brain [52]. Nevertheless, there is much heterogeneity and a wide variety of ABs protocols
encountered (i.e., durations ranging from 4 to 20 min; intensities of exercise ranging from
moderate and vigorous; the inclusion of various types of PA such as aerobic, anaerobic,
and muscular resistance; and the use of specific cognitive tasks to assess attention such
as d2, ANT, and the flanker task). These differences do not provide clear evidence and
have sparked controversy due to the non-existence of general guidelines for applying and
implementing ABs.

Regarding the acute exercise paradigm, positive effects were observed only for accu-
racy [23], concentration [44], inhibition [42], and selective attention [6,35,45]. This suggests
that cognitive activities performed after exercise lasting 4 to 20 min could produce overall
benefits to students’ attention. In addition, regarding the studies including chronic AB
interventions, positive effects were observed after 10 weeks in terms of concentration and
selective attention [46]. Likewise, positive chronic effects on sustained attention were found
after a four-week intervention [48].

Despite the lack of support from the meta-analyses, the positive findings found
regarding selective attention are in line with the study of Donnelly et al. (2016) [53], who
showed that routinely practicing PA in schools enhances cognitive performance. In fact,
chronic exercise positively influences different attention processes in children [54]. In all
cases, an argument could be made for the importance of studying additional moderators
since these could influence the effects of exercise [20]. However, the small number of
studies found per outcome did not allow us to make robust distinctions about the effects
according to the moderators [20].

Despite the lack of clear moderators explaining the relationship between exercise and
cognitive function, the results suggest that the intensity of the exercise used in ABs plays a
fundamental role in the literature exploring the specific effects of PA on cognition. In fact,
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the current research suggests that some attentional outcomes improved after ABs at MVPA
intensities (40 to 80 of VO2max). However, many studies did not monitor the intensities of
ABs, nor did they measure the magnitudes of the changes in some physiological mecha-
nisms (e.g., brain-derived neurotrophic factor, catecholamines, increased cerebral blood
flow) [20,55] to predict their possible effects on behavior and cognitive performance.

Nevertheless, in most studies, ABs were carried out in the classroom and never un-
der laboratory conditions. For this reason, measuring exercise intensities with a large
sample is a truly complex matter. In fact, objective instruments (either a heart rate
monitor [19,35,41–43,45,51] or accelerometry [6,24,47,49]) were used to calculate the loads
of ABs. However, researchers have also relied on subjective measures controlled by the
teachers—in some cases, the measures were simply not registered [23,44,46,48,50]. In all
cases, a potential and valid proposal might be the use of the subjective perception of
effort (e.g., Egger et al. 2018 [41], Schmidt et al. 2016 [19]). This approach, which helps
calculate metabolic changes during exercise, could be an effective option to use in school
children [56,57].

In light of the above discussion, another key factor that might moderate the effects of
ABs is the person who applies the AB. In this sense, it would be appropriate for physical
education teachers to be responsible for applying ABs in all interventions [1,27]. On the
one hand, they have the capacity to guide research proposals since they have a deeper
knowledge of training principles involved in any kind of PA. On the other hand, they could
provide students and other teachers with techniques for controlling the intensity of the AB
in each intervention, which is suggested as being a determinant of outcomes in the present
work [26].

4.2. Study Limitations

The first limitation of this systematic review is the small number of studies found
per outcome and associated effect of PA (i.e., acute or chronic) and the heterogeneity
among these studies’ designs. This leads to the second main limitation, which is that
the ESs for each effect type cannot rely on a minimum of three studies in all cases. In
addition, the heterogeneity was considerable for chronic effects in concentration and
acute effects in shifting. Altogether, these limitations indicate that the results should be
interpreted with caution.

4.3. Practical Implications

The outcomes of this study present implications for incorporating ABs into school
lessons to improve students’ attention. Through ABs students can reach higher levels of
PA, which promotes a healthy lifestyle.

However, teachers are not usually adequately prepared to carry out ABs throughout
the day during class. Thus, teachers should be trained on the correct implementation of
ABs and the integration of movement on class days to ensure that ABs positively affect
students’ health and cognition. To achieve this, ABs should control physiological measures
to objectively calculate exercise intensity. As a result, students might obtain more benefits
from ABs if teachers are also trained in the use and interpretation of measures of PA
intensity feasible for in-class use, such as the Borg scale [58–60].

Finally, as it relates to practical implications, the duration of ABs varied from 4 min
to more than 20 min. However, previous research has shown that only exercise of more
than 20 min had positive results on cognitive performance [20]. From an educational point
of view, it could be thought that adding a 20-min break into current school timetables
may compromise the learning time. Therefore, ABs of such a length may not be practical.
Additionally, evidence on this matter is not clear, as a recent review found that the duration
of PA was inversely related to attentional performance [12].

Notwithstanding, from an academic performance perspective, increasing the amount
of school-based PA does not compromise academic achievement and can improve class-
room behavior and academic achievement [14]. In addition, as seen in some of the included
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studies, ABs can include academic content [24,49] and, therefore, could also be included
in the learning time. Although more conclusive evidence is needed on this topic, ABs
could be included and adapted to different educational contexts and would be effective for
improving students’ health and cognitive outcomes as long as the required intensity and
time are met.

5. Conclusions

There are no clear positive effects of ABs on students’ attention. The heterogeneity in
the designs and measurements of the studies and the small number of studies carried out
in school environments are the main reasons for the lack of conclusive results. Notwith-
standing, it seems that including PA in school time through ABs does not compromise
students’ attention, and it could positively affect selective attention.

The intensity and duration of the PA seem to play a key role in cognitive effects.
Therefore, efforts should be made to help teachers understand how to motivate their
students to reach the correct intensity levels when carrying out an AB.

Even though research on ABs started around a decade ago, clear evidence is still
lacking regarding their effects on attention. The results presented here highlight that this
topic is still of significant relevance.
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Appendix A

Table A1. Excluded full texts with reasons.

Excluded References Reason for Exclusion

Adsiz et al. (2012) [61] No AB
Amicone et al. (2018) [62] No AB

Bartholomew et al. (2018) [63] No attention: Time on task
Ben-Zeev et al. (2020) [64] No AB: PE lesson
Blasche et al. (2018) [65] No attention
Budde et al. (2008) [28] No proper CG: PE lesson
Chou et al. (2020) [66] No AB: PE lesson

Chrismas et al. (2019) [67] No AB
Contreras et al. (2020) [68] Not written in English. No control group

Egger et al. (2019) [69] No proper CG: highly demanding cognitive
lesson

Fenesi et al. (2018) [70] No attention: self-reported mind wandering
question

Flippin et al. (2020) [71] No AB
Gonzalez et al. (2020) [72] Not written in English

Grieco et al. (2016) [73] No attention: Time on task
Howie et al. (2015) [74] No attention
Howie et al. (2014) [75] No attention: Time on task

Kubesch et al. (2009) [76] No AB: PE lesson
Mahar (2011) [77] Review

Mavilidi et al. (2020) [78] No attention: Time on task
Mazzoli et al. (2019) [79] No AB

McGowan et al. (2020) [80] Laboratory
Merriman et al. (2020) [81] Report

Miklós et al. (2020) [82] Laboratory
Napoli et al. (2005) [83] No AB

Niedermeier et al. (2020) [84] No pre-posttest on objective measure of
attention

Ochoa et al. (2020) [85] Not written in English
Owen et al. (2018) [86] No AB
Pesce et al. (2013) [87] No AB

Ruiz-Ariza et al. (2021) [88] Not written in English
Sánchez-López et al. (2015) [89] Protocol

Sugahara et al. (2018) [90] No AB
Tan et al. (2016) [4] No attention: Time on task

Vazou, et al. (2020) [91] No attention: Observation
Watson et al. (2017) [92] Protocol
Watson et al. (2019) [93] No attention: Classroom behavior
Webster et al. (2015) [94] No attention: Time on task

AB: active break, CG: control group, PE: physical education.
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Table A2. Qualitative assessment.

Study Outcome D1a D1b D2 D3 D4 D5 DS Overall

Altenburg et al. (2016) [35] All L - L L SC SC - SC
Buchele et al. (2018) * [48] All C L S L NI M M C

Egger et al. (2018) [41] All SC - SC L L SC - SC
Hill et al. (2010) [50] All L L SC L L SC SC SC

Jäger et al. (2014) [42] All SC - L L L SC - SC
Jäger et al. (2015) [43] All SC - SC L L H - H

Janssen et al. (2014) [6] All SC - SC H L H H H
Ma et al. (2015) [23] All SC - SC H L SC SC H

Niemann et al. (2013) [44] All L - SC H L H - H
Ordóñez et al. (2019) [46] All L L SC H L SC H
Schmidt et al. (2016) [19] All SC - L L L SC - SC
Schmidt et al. (2019) [24] All SC L SC L L SC - SC

Tine et al. (2012) [45]
Selective
attention SC - SC L L H - H

Accuracy SC - SC H L H - H
van den Berg et al. (2016) [51] All L L SC L L SC L SC

van den Berg et al. (2019) [47]
All but focused

attention L L SC L L SC - SC

Focused attention
(concentration) L L SC L H SC - H

Wilson et al. (2016) [49] All L L L L L SC SC SC

D1a: Randomization process; D1b: The timing of identification or recruitment of participants in a cluster-randomized trial; D2: Deviations
from the intended interventions; D3: Missing outcome data; D4: Measurement of the outcome; D5: Selection of the reported result; DS:
Period and carryover effects. C: Critical; H: High risk; L: Low risk; M: Moderate; NI: No information; S: Serious; SC: Some concerns.
* Assessment from ROBINS-I: D1a: Bias due to confounding; D1b: Bias in selection of participants into the study; D2: Bias in classification of
interventions; D3: Bias due to deviations from intended interventions; D4: Bias due to missing data; D5: Bias in measurement of outcomes;
S: Bias in selection of the reported result.

Table A3. Protocols of interventions.

Attentional Outcome Test/Task Calculation

Accuracy d2 Errors (%)

Concentration
FACES Total correct responses–Errors (Commission)

d2 Total correct responses–Commission errors

Global attention
Compendium of tasks (paced serial addition,

size ordering, listening span, digit-span
backwards, and digit-symbol encoding)

Overall score

Inhibition

ANT (flanker) Incongruent–Congruent

Flanker Incongruent–Congruent

Stroop Incongruent–Congruent

Orienting ANT (flanker) Center cue–Spatial cue

Selective attention

d2 Total number of responses–Errors

FACES Total of right responses

TEA-Ch Time of pair identification–Time of motor
performance

Shifting Flanker SCORE (Mixed block)–SCORE (Standard block)

Sustained attention/Vigilance

ANT (flanker) SCORE no cue – SCORE center cue

d2 Fluctuation rate

PVT Mean response time to a repeating visual
stimulus

ANT: attentional network test; PVT: psychomotor vigilance task; TEA-Ch: Test of Selective Attention in Children.
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Abstract: Objectives: the current study aimed to investigate the relationship between physical activity
(PA) level and inhibitory control performance and then to determine whether this association was
mediated by multiple sleep parameters (i.e., subjective sleep quality, sleep duration, sleep efficiency,
and sleep disturbance). Methods: 180 healthy university students (age: 20.15 ± 1.92 years) from the
East China Normal University were recruited for the present study. PA level, sleep parameters, and
inhibitory control performance were assessed using the International Physical Activity Questionnaire
(IPAQ), the Pittsburgh Sleep Quality Index Scale (PSQI), and a Stroop test, respectively. The data
were analyzed using structural equation modeling. Results: A higher level of PA was linked to
better cognitive performance. Furthermore, higher subjective sleep quality and sleep efficiency were
associated with better inhibitory control performance. The mediation analysis revealed that subjective
sleep quality and sleep efficiency mediated the relationship between PA level and inhibitory control
performance. Conclusion: our results are in accordance with the literature and buttress the idea that
a healthy lifestyle that involves a relatively high level of regular PA and adequate sleep patterns is
beneficial for cognition (e.g., inhibitory control performance). Furthermore, our study adds to the
literature that sleep quality and sleep efficiency mediates the relationship between PA and inhibitory
control performance, expanding our knowledge in the field of exercise cognition.

Keywords: physical activity; sleep; inhibitory performance; mediating effects

1. Introduction

Brain health and cognitive enhancement are important factors for successful studies,
better career opportunities, and a higher quality of life and thus has received widespread
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attention from different disciplines including medicine and education [1]. Emerging evi-
dence demonstrates that regular physical activity (PA) can enhance cognitive performance,
especially in the domain of executive functioning (EF) [2–5]. Among the diverse subcom-
ponents of EF, controlled inhibition (the capacity to suppress irrelevant information or
prepotent responses in monitoring and updating information) has been reported to benefit
more from PA than other aspects of EF (e.g., shifting or updating) [6]. Considering that
the brain develops until the age of 30 years [7–10] and the important role of inhibitory
control in mastering life successfully [11], there is an urgency to investigate how regular
PA influences inhibitory control performance and how to maximize PA-induced cognitive
benefits among youths. Of note, existing research mostly focuses on children and older
individuals, while there is a lack of studies on young to middle-aged adults [1]. Addition-
ally, although PA has been proven to maintain and improve neurocognitive function, much
less is known about the pathway by which it exerts salutary effects on inhibitory control
performance. Among the suggested potential mediators, sleep has been proposed as an
ideal candidate to explain the PA–cognition links, although empirical evidence in younger
adults is currently lacking [12].

The improved cognitive performance among individuals who engaged in regular PA
may be explained, at least partly, by sleep health. Indeed, young adults regularly experience
restricted sleep (70% of people sleeping less than 6 h at least one night a week) due to
educational, vocational, and social responsibilities [13]. Mounting evidence shows that the
increased PA contributes to sleep health (i.e., sleep duration, efficiency, and quality). For
example [14,15], randomized controlled trials conducted in 1997 were the first to indicate
the PA (i.e., moderate-intensity exercise, daily activity)-induced benefits in self-reported
sleep quality. A review by Vanderlinden et al. indicated that moderate intensity exercise
intervention (lasted 12 weeks to 6 months), with a frequency of three times per week,
showed the highest improvements in sleep outcomes in older adults [16]. Even among
patients with sleep disruptions, exercise intervention was also found to positively influence
sleep outcomes [17].

The provided evidence supports the idea that better sleep was linked to improved
cognitive performance [18–20]. For example, sufficient sleep quality has been shown to
be essential for an optimal cognitive performance, especially in the domain of EF (i.e.,
inhibitory control) [21]. However, although the exact neurobiological mechanisms of the
association between sleep and cognitive performance are not fully understood. Sleep might
work through complex ultradian, circadian, and homeostatic regulations to positively
influence the prefrontal circuits that are known to be important neural correlates for
EF [22–24]. The improved prefrontal circuits could be well reflected by higher voltage
and slower brain waves during non-rapid eye movement (NREM), coinciding with the
deactivation of dorsolateral prefrontal cortex during rapid eye movement (REM) [25].

To the best of our knowledge, there are only two studies examining the potential
mediating role of sleep health on the association between PA and cognitive function [26,27].
Wilckens et al. found that sleep efficiency may be one pathway by which PA benefits
executive control, but this study only investigated two sleep health indicators (sleep
efficiency and total sleep time as measured by accelerometer-based sleep assessment) [26].
Contrary to the outcomes of Wilckens et al., Falck et al. reported that PA and sleep
quality interacted with cognitive function via independent mechanisms without mediation
effects [27] among the elderly (above 55 years). To address the gap and inconsistency,
the current study attempts to explore how PA influences young adults’ inhibitory control
via a wider range of sleep parameters [28]. We aimed (i) to investigate the relationships
among regular PA level, inhibitory control and multiple sleep parameters (subjective sleep
quality, sleep duration, sleep efficiency, and sleep disturbance) among university students
and (ii) to examine how sleep parameters mediate the relationship between PA level and
inhibitory control performance.
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2. Methods

2.1. Participants

In total, 180 healthy university students (age: 20.15 ± 1.92 years; 109 females and
71 males) from the East China Normal University were recruited in the present study.
The PA level of participants, their sleep status, and their inhibitory control performance
were assessed via the International Physical Activity Questionnaire (IPAQ), the Pittsburgh
Sleep Quality Index Scale (PSQI), and Stroop test, respectively. Moreover, all participants
were screened for depression and anxiety on the Self-rating depression scale (SDS) and the
Self-Rating Anxiety Scale (SAS). Exclusion criteria included (1) SDS score ≥ 53, (2) SAS
score ≥ 50, (3) failure to complete all of the assessments, and (4) left-handedness. The
whole procedure was approved by the ethic committee of the East China Normal University
(No. HR 085-2018), and all participants signed informed consent before the onset of this
experiment.

2.2. Demographic Information

A self-developed scale on demographic information was used to acquire participants’
information such as gender, age, height, and weight. Height and weight were assessed by
a Height Weight Meter. Body Mass Index (BMI) was calculated as weight (in kilograms)
divided by the square of height (in meters).

2.3. International Physical Activity Questionnaire

The IPAQ was used to assess the PA level of each individual (content validity = 0.98,
calibration validity = 0.41, and test–retest reliability = 0.78). The IPAQ totally consists of
five parts: (1) job-related PA; (2) transportation PA; (3) housework, house maintenance, and
caring for family; (4) recreation, sport, and leisure-time PA; and (5) time spent sitting. MET
(Metabolic Equivalent of Task) minutes per week, as a continuous variable, represents the
amount of energy expended carrying out physical activity.

2.4. Pittsburgh Sleep Quality Index Scale

The subjective level of sleep quality was assessed using the PSQI, which queries
possible factors related to sleep disturbance over the past four weeks [29]. It includes
19 items within seven sleep-related domains: subjective sleep quality, sleep latency, sleep
duration, habitual sleep efficiency, sleep disturbances, use of sleep medication, and daytime
dysfunction [29]. The score of each domain is rated from 0 to 3 and seven sub-scores can be
added to produce a total sleep quality score ranging from 0 to 21 [29], with higher total
score indicating lower sleep quality [29].

2.5. Measurement of Inhibitory Control Performance

Inhibitory control performance was tested by a Stroop task (Figure 1) in which par-
ticipants were asked to differentiate stimulation in the mixed congruent and incongruent
conditions [30]. The stimuli used in this task were composed of four words (red, yellow,
blue, and green in Chinese). In the congruent condition, the word was shown in matching
colors; in the incongruent condition, the word did not match the color. The task lasted for
240 s, including two blocks with 32 trials (8 congruent and 24 incongruent trails) in total.
In each trial, a fixed cross was presented first to attract participants’ attention and then the
color words were shown randomly, with each one lasting for 2000 ms. The inter-stimulus
intervals were also random (2000, 4000, 6000, 8000, or 10,000 ms). The participants were
asked to report the correct color of the word by pressing the corresponding button on a
keyboard as quickly and accurately as possible, ignoring the interference by the word’s
semantic meaning. Subjects performed 20 practice trials before performing the experi-
mental trial blocks. Accuracy and reaction time of each condition were also recorded.
According to the operational definition of inhibitory performance in the Stroop test, the
efficiency of inhibitory performance was characterized by the difference in reaction time.
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The smaller the Stroop effect (∆RT = RTincongruent − RTcongruent), the stronger the inhibitory
performance.

Δ −

 

χ χ

Figure 1. Stroop test.

2.6. Statistical Analysis

Statistical analyses were conducted using SPSS (Statistical Product and Service Solu-
tions) software, version 23. Mean and standard deviation for all variables were calculated.
Unless noted, all effects were described as significant at p < 0.05. Partial correlation analyses,
with sex, age, and BMI as covariates, were used to examine the relationships between PA
level (MET score), inhibitory control performance, and seven sleep parameters (subjective
sleep quality, sleep latency, sleep duration, habitual sleep efficiency, sleep disturbances, use
of sleep medication, and daytime dysfunction). Moreover, structural equation modeling
(SEM) with the help of AMOS (Analysis of Moment Structure) was conducted to assess
whether the sleep parameters mediated the association between PA and inhibitory control
performance. The indices used to evaluate the overall fit of model included Chi-square
(χ2) test, normed Chi-square (χ2/df), normed fit index (NFI), incremental fit index (IFI),
and comparative fit index (CFI). Usually, a well-fitted model should meet the following
requirements: (1) a nonsignificant Chi-square; (2) 0.90 or less NFI, IFI, and CFI values; and
(3) 0.06 or less normed Chi-square value [31]. The paths from the mediation model were
examined using direct and indirect effects of study variables (PA level, sleep parameters,
and the Stroop effect); bootstrapping approach was used to test the statistical significance
of mediation.

3. Results

The results of the demographic and anthropometric parameters, the IPAQ, the PSQI,
and the performance on the Stroop test are shown in Table 1.
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Table 1. Demographic information on the variables.

Males (n = 71) Females (n = 109) Total (n = 180)

Demographic and Anthropometric Parameters

Age (years) 20.31 ± 1.45 19.68 ± 1.64 19.93 ± 1.59
BMI (kg/m2) 21.66 ± 2.05 21.20 ± 2.55 21.37 ± 2.37

International Physical Activity Questionnaire

MET-min/w 4967.05 ± 1447.06 5171.22 ± 1556.39 5090.69 ± 1513.41

Pittsburgh Sleep Quality Index

Subjective sleep quality 0.68 ± 0.69 0.76 ± 0.79 0.73 ± 0.75
Sleep time 0.62 ± 0.70 0.54 ± 0.69 0.57 ± 0.69

Sleep efficiency 0.73 ± 0.72 0.68 ± 0.76 0.70 ± 0.74
Sleep disorders 0.80 ± 0.71 0.97 ± 0.55 0.91 ± 0.62

Stroop Test

Congruent accuracy (%) 95.00 ± 9.35 97.00 ± 5.80 96.00 ± 7.46
Incongruent accuracy (%) 95.00 ± 8.65 97.00 ± 4.70 96.00 ± 6.66

Congruent reaction time (ms) 899.98 ± 107.20 867.53 ± 135.39 875.47 ± 141.42
Incongruent reaction time (ms) 1000.18 ± 107.79 964.34 ± 148.10 973.07 ± 152.56

Stroop effect (ms) 100.21 ± 45.64 96.81 ± 47.13 98.15 ± 46.45

Note. BMI: body mass index; MET: metabolic equivalent of task.

3.1. Correlation Analysis

As shown in Table 2, the results indicate negative correlations of regular PA level with
(1) subjective sleep quality (r = −0.42, p < 0.001), (2) habitual sleep efficiency (r = −0.52,
p < 0.001), and (3) the Stroop effect (r = −0.39, p < 0.001) (with a higher score in the PSQI
indicating worse sleep status and a smaller Stroop effect indicating better inhibitory control
performance). Additionally, the scores of subjective sleep quality and sleep efficiency were
found to positively correlate with the Stroop effect (r = 0.83, p < 0.001; r = 0.61, p < 0.001).

Table 2. Correlation analyses among the outcome measures.

MET-
min/w

S1 S2 S3 S4 S5 S6 S7 Acc.1 Acc.2 RT1 RT2
Stroop
Effect

MET -

S1
−0.425

*** -

S2 −0.033 0.068 -

S3 −0.006 0.082 0.107 -

S4
−0.519

***
0.652

*** 0.033 0.126 -

S5 0.180 ** 0.100 0.186 ** −0.106 −0.008 -

S6 0.153 ** 0.060 0.125 −0.210
** 0.081 0.331

*** -

S7 0.058 0.047 0.289
*** −0.039 0.002 0.198 ** 0.412

*** -

Acc.1 −0.018 0.057 0.064 0.074 −0.023 0.103 −0.019 0.136 -

Acc.2 −0.056 −0.032 −0.016 0.116 −0.062 −0.002 −0.106 0.017 0.486
*** -

RT1 0.036 0.139 0.021 −0.053 0.043 0.047 0.116 0.033 −0.076 −0.107 -

RT2 −0.101 0.419
*** 0.036 −0.006 0.252

*** 0.060 0.142 0.032 −0.027 −0.109 0.938
*** -

Stroop
effect

−0.386
***

0.831
*** 0.045 0.125 0.611

*** 0.045 0.098 0.003 0.125 −0.026 0.008 0.355
*** -

Note. MET = metabolic equivalent of task; S1 = subjective sleep quality; S2 = sleep latency; S3 = sleep duration; S4 = habitual sleep efficiency;
S5 = sleep disturbances; S6 = use of sleep medication; S7 = daytime dysfunction. Acc.1 = congruent accuracy; Acc.2 = incongruent accuracy;
RT1 = congruent reaction time; RT2 = incongruent reaction time. ** means that p value is less than 0.01; *** means that p value is less
than 0.001.
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3.2. Multiple Mediation Model

Based on the outcomes of correlation analyses, only two sleep parameters (subjective
sleep quality and sleep efficiency) were included in the mediation model. The structured
equation model was used to determine the mediating role of sleep parameters on the
relationship between PA and inhibitory control (Figure 2). In the initial model, RMSEA
(0.07) and SRMR (0.06) were higher than 0.05, which meant that the initial model failed to
present a good fit. Therefore, the model was modified as specified by modification indices
(χ2/df = 64.43, NFI = 0.83, IFI = 0.83, and CFI = 0.82). After removing the nonsignificant
path between physical activity and inhibitory control performance, the model was re-
analyzed and all indices within the new model show a good fit (χ2/df = 0.06, NFI = 0.92,
IFI = 0.92, and CFI = 0.93) (Table 3). In the final model, the mediating effect explained
76% of variance variation in the dependent variable, and subjective sleep quality and sleep
efficiency explained 53.6% and 22.4% of variance, respectively. In order to reduce the
interaction between the mediating variables, the residual correlation analysis between the
two mediating variables was conducted (path coefficient = 0.55).

χ

χ

χ χ

Δχ

 

Figure 2. Multiple mediation model 2. Note. * means that p value is less than 0.05; *** means that p value is less than 0.001.

Table 3. Modification indices in multiple mediation model 2.

Model χ
2 p f χ

2/DF NFI IFI CFI RMSEA SRMR

Initial model 64.43 0.001 1 64.43 0.83 0.83 0.82 0.07 0.06
Final model 0.06 0.06 1 0.06 0.92 0.92 0.93 0.05 0.04

∆χ2 64.37

The paths from the mediation model were examined using direct and indirect effects
of the study variables (Table 4; Figure 2). The results showed the PA-induced indirect
effect on inhibitory control performance while adjusting for sleep parameters among the
university students. Thus, sleep parameters (subjective sleep quality and sleep efficiency)
played a mediating role in the indirect relationships. Additionally, the nonsignificant direct
effect of physical activity on inhibitory control performance is 0.001.

Table 4. The bootstrap analysis of multiple mediation model 2.

Route
Indirect Effects of
Standardization

Average Indirect Effect
95% Confidence Interval

p
Lower Limit Upper Limit

Subjective Sleep Quality 0.42 × 0.77 = 0.32 0.41 0.27 0.55 0.01
Sleep Efficiency 0.53 × 0.13 = 0.07 0.51 0.39 0.63 0.01

4. Discussion

Based on previous literature, the mediating role of sleep parameters on the relationship
between PA and EF (i.e., inhibitory control) is expected, but this test has not been formally
assessed in a young sample and with a wider range of sleep health indicators [12,32]. In the
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present study, we observed in our cohort of healthy younger adults (1) a negative correlation
between PA and inhibitory control performance, (2) a negative correlation between PA
and subjective sleep quality as well as sleep efficiency ((number of sleep hours/number of
hours spent in bed) × 100), and (3) positive correlations between inhibitory control and
sleep parameters (subjective sleep quality and sleep efficiency). Moreover, the mediation
analysis reveals that subjective sleep quality and sleep efficiency play mediating roles in
the PA–EF (inhibitory control).

In this study, positive correlations were observed between PA level and sleep indi-
cators (subjective sleep quality and habitual sleep efficiency), which is in line with the
findings of existing studies [26,33]. Over the last decades, it has been shown that, among
younger adults, a higher PA level is positively associated with sleep health [34,35]. Notably,
recent studies proposed that the PA–sleep relationship may be influenced by PA slots [36].
To be specific, some researchers emphasized that light PA in the daytime was correlated
with better sleep status, whereas PA at night may reduce the sleep duration and sleep time
window [37]. However, as we used the IPAQ to assess PA, the time of day in PA engage-
ment was not used in the present study but such an assessment should be considered in
future studies to deepen our understanding of the relationship between PA, sleep, and
cognitive performance.

The results from our partial correlation analysis indicate that EF (inhibitory control)
was positively correlated with both subjective sleep quality and sleep efficiency but not
with sleep duration. Such results are consistent with previous researches in which sleep
parameters were measured with an actigraphic device and polysomnography [38–40].
PA–sleep relationships may be partially explained by the following neurobiological mech-
anisms: (1) higher sleep efficiency and sleep quality enhanced the efficacy of slow-wave
sleep in the restoration of prefrontal cortex function (which is responsible for inhibitory
control performance) [41] and (2) prior sleep deprivation, sleep disorders, sleep fragmenta-
tion, and medication effects usually occur alongside longer sleep durations, which does
not reflect real sleep health [42–44]. Non-restorative sleep caused by recurrent awakenings
and stage shifts can even be observed in the population with normal sleep duration [45].
Due to this, sleep duration cannot be regarded as a reliable indicator for sleep health.

Only an indirect relationship (mediated by sleep parameters) rather than a direct
relationship between PA and cognitive performance was observed among university
students in the present study. This finding is partially supported Wilckens et al., who
found that PA level was indirectly correlated with inhibitory control in both adolescent
(aged 21–30) and older adults (aged 55–80) and that sleep efficiency but not total sleep
time or sleep duration played a mediating role. In the present study, we observed that
both sleep efficiency and subjective sleep quality played important roles in the PA–EF
relationship. Based on these outcomes, it could be inferred that ease of falling asleep
and staying asleep rather than any aspect of sleep affect the PA–cognition connections.
Moreover, it is essential to highlight that the direct relationship between PA and inhibitory
control performance reflects the overall relationship with cognition, which consists of
sleep parameters and other mediators not tested here. Additionally, some of the potential
mediators may suppress the association between PA and inhibitory control [46,47].

Besides the primary outcome carried out from the present study, some novel findings
were summarized based on a comparison with previous research [28,29,48]. It is suggested
that the mediating role of sleep efficiency in the PA–EF (inhibitory control) relationship is
observed across different age groups [26]. PA can even attenuate the negative impact of
low sleep efficiency on executive function, with the clearest effects observed using direct
measurements of sleep and PA [49]. Even though sleep quality and sleep duration were
also found to be positively associated with PA and cognition among young adults [33],
an apparent functional weakening in such relationships appear in the aging population [27].
It seems that sleep measures such as sleep quality and sleep duration are more sensitive
to aging-related neurobiology (e.g., neural atrophy, nocturnal hypoxia, neuroendocrine
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changes, and altered neuromodulation), which may reduce the potential to impact cognitive
performance through strategies such as PA [50].

Finally, this study has a certain theoretical and practical significance, but some limi-
tations must be acknowledged when interpreting our findings. First, the cross-sectional
design does not allow us to make strong conclusions regarding the causality of the observed
correlations. Secondly, this study did not account for the time of day when participants
engaged in PA, which is known to influence sleep patterns and thus might influence cogni-
tive performance, too. Thirdly, our sleep pattern assessment relies on the PSQI, which is
an international recognized questionnaire with good psychometric properties but relies
on subjective ratings rather than objective ratings. Given difference in subjective and
objective ratings of sleep [48,51], this might have influenced our analysis. Thus, caution
should be taken when comparing our results with findings of other studies quantifying
sleep parameters by objective tools (e.g., actigraphy) although those studies point in the
same direction (better sleep patterns are associated with better cognitive performance) [52].
In this regard, we recommend that further studies investigating the relationship between
regular PA level, sleep patterns, and cognitive performance should consider assessing both
subjective ratings and objective ratings of sleep. For studies with more stern requirements,
polysomnography, the gold standard for sleep research, is recommended. Lastly, we fo-
cused only on one cognitive parameter (inhibitory control), preventing the generalizability
of our results to other EF components and cognitive measures.

5. Conclusions

Sleep efficiency and subjective sleep quality were found to statistically mediate the
significant relationship between physical activity and inhibitory control in a population of
university students. Joint measurements including both objective and subjective assessment
and participants in a wider age range should be considered in further studies to test the
potential neurobehavioral mechanisms and moderators.
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Abstract: (1) Cognitive function may benefit from physical exercise in older adults. However,
controversy remains over which mode of exercise is more beneficial. (2) The aim of the proposed
study is to investigate the effect of open-skill exercise training on cognitive function in community
dwelling older adults compared with closed-skill exercise, cognitive training, and active control.
(3) One hundred and sixty participants, aged between 60 and 80 years old, will be recruited from
community senior centers in Yangzhou, China and randomly assigned to one of four groups: open-
skill exercise group, closed-skill exercise group, mobile game playing group, and active control
group. All participants will join a 24-week program involving 50 min sessions three times a week.
The primary outcome measure is visuospatial working memory. Secondary measures include
subjective memory complaint, attention network, nonverbal reasoning ability, and physical activities.
All participants will be measured before, mid-way, and immediately after intervention, and three
months later. (4) If successful, this study is expected to provide evidence-based recommendations
for older adults to select the most efficient and effective mode of exercise to improve cognitive
function. Importantly, the three intervention groups provide an opportunity to separate the cognitive
activity component from the physical activity component. Comparison of these components is
expected to help elucidate possible mechanisms contributing to the additional cognitive benefit of
open-skill exercises.

Keywords: open-skill exercises; closed-skill exercises; cognition; older adults

1. Introduction

Data issued by the National Bureau of Statistics of China indicate that there were
249 million (represent 17.9% of the total) people aged over 60 and 167 million (represent
11.9% of the total) aged over 65 in China in 2019. The prevalence of dementia in elderly
people over 65 years old is 3.2–9.9% [1], which means that there are 5.3–16.5 million de-
mentia patients in China. Cognitive function declines with aging, especially in people
with neurodegenerative diseases, such as dementia and Alzheimer’s [2]. Aging-related
cognitive decline and cognitive impairment impact the quality and expectancy of life in
old people [3], and is of great public health and economic concern. Of note, certain types
of cognitive variables remain intact, while others become impaired, with cognitive aging.
Salthouse et al., (2010) demonstrated a nearly linear decline from early adulthood with
respect to memory, spatial visualization, speed, and reasoning, whereas vocabulary knowl-
edge could still increase until the age of 60 [4]. That is to say, “held” cognitive variables
include vocabulary and general information in which the relevant acquisition occurred
earlier in one’s life, while the “non-held” variables tend to involve the manipulation and
transformation of information. Thus, the proposed study will mainly focus on aspect of
cognition that decline with aging.
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Cognitive function reacts sensitively to environmental changes, and can be signif-
icantly improved after certain intervention. Several studies have shown that cognitive
function may benefit from physical exercise in older adults [5–7]. Yet, Diamond et al.,
(2016) argued that aerobic exercise without any cognitive component produces little or no
cognitive benefit. The authors predicted that, besides direct exercise training, successful
approaches should incorporate cognitive, emotional, and social needs [8]. The authors also
stressed that certain modes of physical exercise, including aerobic-exercise and resistance-
training, are among the least effective ways of improving executive functions [9]. Therefore,
physical training should extend beyond simple moving to moving with thought [10].
Fortunately, various studies have started to focus on identifying cognitive benefit from
combinations of cognitive training and physical exercise. Some studies examined these
components separately, while others conducted the two components simultaneously. The
separate approach usually involves cognitive trainings (e.g., focus on memory, attention,
executive function, visuospatial ability), followed by physical exercise (e.g., aerobic exercise,
resistance training), or vice versa [11–16]. The simultaneous approach is usually conducted
in dual-tasks, such as completing the cognitive task during physical exercise [17–20] or in
exergames, which combine physical exercise with computer-simulated environments and
interactive videogame features [7,21]. In general, that simultaneous approach tends to have
a larger effect size than the separate approach on cognition [22,23]. However, concerns
exist that the similarity between cognitive assessments and dual-tasks produce a learning
effect that impacts the reliability of the results. Laboratory based intervention cannot easily
be generalized to everyday life of the elderly.

Thus, the present study introduces a new approach with high ecological validity by
combining physical exercise and cognitive training simultaneously, specifically open-skill
exercises. Open-skill exercises are defined as exercises in which participants are required
to react in a dynamically changing, unpredictable, and externally environment (e.g., table
tennis, badminton). In contrast, closed-skill exercises are conducted in an environment
that is relatively stable, predictable, and self-paced (e.g., running and swimming) [24].
Previous studies confirmed that older adults demonstrated better executive function when
participating in open-skill exercises compared to closed-skill exercises [25–29]. Children
who played open-skill exercises also exhibited better cognitive functions and academic
achievement than those who played closed-skill exercises [28,30,31]. Open-skill exercises
might be advantageous because participants must mentally compare the present situa-
tion with past ones, and use this information to predict likely outcomes; consequently,
participants must use their cognitive functions.

Our previous cross-sectional study on healthy older adults showed that both closed-
skill and open-skill exercisers exhibited better visuospatial working memory compared
to sedentary older adults. Specifically, open-skill exercises that demand higher cognitive
processing exhibited selective benefits for the passive maintenance of working memory [32].
However, the cross-sectional design could only reveal a possible relationship, not a causal
relationship. Additionally, the reason why open-skill exercise produces additional cognitive
benefits to working memory remains unknown. Therefore, the present study protocol
provides a first step to initiate an intervention study to answer the question that which
type of exercise is better for older adults to decay cognitive decline. The protocol will
further reveal the mechanism by setting a cognitive training group besides the open-skill
and closed-skill exercise groups. Open-skill exercises can be viewed as a combination of
physical exercise and cognitive training, closed-skill exercises and cognitive trainings can
be viewed as pure physical exercise or cognitive training. This design may provide the
opportunity to separate the physical activity component and cognitive activity component
by comparing differences among the groups.

The primary objective is to investigate the effect of 24 weeks of open-skill exercise
training on the cognitive function of heathy older adults in comparison to the closed-skill
exercise group, cognitive training group, and control group. It is hypothesized that both
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training regimes will have a positive effect on cognitive function compared to the control,
with the largest effect occurring in the open-skill exercise group.

2. Materials and Methods

2.1. Study Design

This study is a double-blind, 24-week randomized controlled trail (RCT) with three
experimental intervention groups and an active control group. Participants will be ran-
domly allocated to one of the four groups. The outcome measures will be performed at
baseline, mid-way through intervention, immediately after intervention, and at a 3-month
post-intervention follow-up. All tests and measures will be conducted by trained profes-
sionals who are blinded to the group assignment. The study design is presented in Figure 1.
The schedule of enrolment, interventions, and assessments is presented in Figure 2.

Figure 1. Flowchart of the study design.

The study protocol has been approved by the Ethics Committee of Yangzhou Univer-
sity (YXYLL-2020-106). The methods for consent were registered at Chinese Clinical Trail
Registry (ChiCTR2000038733), and the data will be uploaded at the site when finishing the
trial. The informed consent form will be obtained from all participants.
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Figure 2. Schedule of enrolment, interventions, and assessments of the trial. t1: baseline (week 1),
t2: intermediate of intervention (week 13), t3: immediately post-intervention (week 25), t4: twelve
weeks after intervention (week 37), VWMT: visuospatial working memory task, VSMT: visuospatial
short-term memory task, VMTT: visuospatial mental rotation task, MAC-Q: Memory Complaint
Questionnaire, ANT: attention network test, MRT: matrix reasoning test, IPAQ: International Physical
Activity Questionnaire.

2.2. Participant Recruitment and Selection

Participants aged between 60 and 80 years will be recruited from the community senior
centers in Yangzhou, China. Both male and female participants will be used. The older
adults who are interested in participating in the research will be subject to a short interview
to confirm their eligibility in the research. Potential participants will be screened using the
Mini-Mental Status Examination (MMSE) [33] and exercise-related questionnaire [34].

Eligible participants are additionally required to satisfy the following criteria:
(1) 60–80 years of age, (2) apparently healthy, free of cardiovascular disease, musculoskele-
tal problems, and psychiatric and neurological disorders, (3) normal body weight (body
mass index is less than 25.0 and more than 18.5), (4) strong right handedness, (5) corrected
visual acuity of at least 20/40, (6) a sedentary lifestyle, exercise at irregular base, and were
assessed at the inactivity or low activity level, (7) voluntary participation in the study and
willing to give written informed consent.

Participants will be excluded for any of the following: (1) objective cognitive impair-
ment as measured by a MMSE score less than 25, (2) had experience playing table tennis in
the past, (3) participated in similar research before, (4) any conflict with the objectives of
this study.
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2.3. Sample Size

The required sample size of the study was assessed by a priori power analysis (per-
formed by G-Power). To attain a power of 0.8 (1-βerror probability), with a significant level
at 0.05, 136 participants will be needed in the study.

Because the subjects are retired, older adults and due to the voluntary nature of
enrollment, the attrition rate of the study is anticipated to be relatively low. When also con-
sidering other factors (such as health status, environment, and other emergency situations),
a general attrition rate of 15% will be calculated in the recruitment plan task. Twenty-four
additional participants will be recruited to compensate for the predicted drop-out rate,
with 40 participants in each intervention condition.

To maximize compliance, the attendance and exercise performance of participants in
the intervention will be monitored routinely throughout the trial.

2.4. Randomization

After signing the written informed consent, eligible participants will be randomly
assigned to the active control group, and one of the three experimental intervention groups
by the principal researchers. The randomization procedure will be run by an independent
statistician using a computerized randomization program. The participants do not know
the real purpose of the study, they are just told that they are participating in a project that
aims to enrich the life of community dwelling older adults and that they are randomly
allocated to different groups of the project according to a computerized randomization
program. Participants and two principal researchers know the group assignments. Those
who perform the intervention and outcome measures will be blinded to the allocation
of participants.

2.5. Interventions and Control Condition

Participants in each intervention group will be told to enroll in a 24-week program
and complete 50 min sessions three times a week, and to keep their regular daily life in
normal living condition. All interventions will be conducted in the community center
under the supervision of personnel who will be trained by the principle researchers to
ensure the standardized administration of the intervention protocols.

The intervention conditions include: (1) open-skill exercise condition, which involves
a combination of physical and cognitive training, (2) closed-skill exercise condition, which
involves physical exercise training alone, (3) mobile game playing condition, which is
considered as cognitive training alone, (4) active control condition.

2.5.1. Open-Skill Exercise Condition

The open-skill exercise group will participate in a specially designed table tennis
training program. The exercise intervention will be performed in a sequence of increasing
complexity under the instruction of trainers. The trainers will be chosen from college
students majoring in table tennis training.

The procedure of each single intervention session includes a warm-up, training in the
basic skills of table tennis, playing table tennis with each other, special tasks designed to
increase the cognitive load, and a cool down period. The aim of basic skills training is to
improve general skills. It includes the following component: serving, backhand blocking,
forehand attacking, left side blocking, and right side attacking (including footwork). After
the coaches have demonstrated the basic skills, participants will practice with each other
(or with the coaches). Training for each skill begins with simple movement, and then
progresses to more complex skills, according to their degree of mastery.

To add more cognitive load to physical exercises during the process of learning the
basic skills, tasks must be planned and a program of movement will be designed. This
approach will be structured to achieve a particular type of training that is expected to relate
to executive function. Table-tennis balls will be successively thrown to participant by a
serving machine on one side of the ping-pong table. Participants stand on the other side of
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the table, and must anticipant the ball trajectory to intercept it. Balls are of two different
colors; half are white and half are yellow. Three different tasks were designed to increase
cognitive load. Participants must intercept the white ball but ignore the yellow ball in task
1, which requires inhibition function during movement. Task 2 requires participants to
hit the white ball to the left side and the yellow ball to the right side across the ping-pong
table. which needs task-switch ability. Task 3 was designed to train the working memory
ability by asking participants to hit the ball to the left side if the previous ball is white and
to the right if previous ball is yellow.

All participants will be required to move continuously during the training to maintain
an average individual target heart rate reserve (HRR) of 40–59%.

2.5.2. Closed-Skill Exercise Condition

The closed-skill exercise group will use a cycle ergometer or motor-driven treadmill
with a moderate intensity (40–59% HRR). Each training session will include a warm-
up, cycle ergometer riding or brisk walking/jogging for 30 min, and cool down period.
Intensity and duration will be progressive during the training period. The Borg Rating of
Perceived Exertion (RPE) will be used every 5 min during exercise to monitor the subjective
feeling of exertion.

2.5.3. Mobile Game Playing Condition

The cognitive training group will play a table tennis mobile game on the mobile phone
without body movement. The mobile game is called Table Tennis Touch, and is a free sport
action mobile multiplayer game featuring stunning graphics, intuitive swipe controls, high
speed gameplay and multiple game modes developed by the British Indie Studio Yakuto.
It offers a fantastic simulation of real table tennis playing settings. Players can serve, spin,
and smash their way to winning. The older adults will be trained the first time, and will
subsequently play under the supervision of the trainers.

2.5.4. Active Control Condition

To control for the Hawthorne effect, which means participants may change their
behavior just by being aware that they are being watched, the control group will also do
some stretching and toning of the same duration and frequency as the intervention group.
Social engagement will be similar among all groups.

2.6. Outcome Measures

Demographic variables will be collected during the evaluation, and include age,
gender, weight, height, mental status, visual acuity, resting heart rate and blood pressure.
The outcomes include objective and subjective measurements of cognitive and physical
activities. All outcomes will be measured prior and immediately after the intervention,
and at 3 months after the intervention. After 12 weeks, there will be an intermediate
measurement, consisting of the primary outcome measures.

2.6.1. Primary Outcome

The primary outcome measure of this study is objective visuospatial working memory.
It is measured by the visuospatial working memory task (VWMT) developed by Guo et al.,
(2016), which includes both the passive storage and active manipulation of visuospatial
information [32]. Participants will be asked to hold a 4 × 4 matrix with four solid black
squares as a probe stimulus in memory for 3 s, and mentally rotate the matrix 90◦ to the
right or the left at the same time. The task is used to decide whether the testing stimulus is
consistent with the mentally rotated probe stimulus 90◦ either to the left or right.

Passive storage and active manipulation will be measured separately to reveal the
mechanism driving differences on visuospatial working memory. The passive storage of
visuospatial information will be tested by visuospatial short-term memory task (VSMT).
The experimental paradigm of VSMT is similar to that of VWMT, except that subjects
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are instructed to retain the memory stimulus during the retention interval. Participants
must determine whether the testing stimulus is identical to the memory stimulus. Active
manipulation of visuospatial information will be tested by the visuospatial mental rotation
task (VMTT). A pair of matrices will be presented on the screen for 6 sec. Participants must
compare the two matrices to determine whether the one on the right side corresponds to a
90◦ rotation of the one on the left side.

2.6.2. Secondary Outcomes

The subjective memory complaint (SMC) occurs long before the decline of working
memory during aging [35]. It will also be measured in this study. SMC will be rated
using the Memory Complaint Questionnaire (MAC-Q). The six-item MAC-Q requires
participants to compare current memory function to memory function at earlier ages in
daily scenarios. For each question, there are five possible answers, ranging from “much
better now” (scored 5) to “much worse now” (scored 1). Serious SMC is defined as a
total score below 15 [36]. MAC-Q demonstrates good internal consistency together with
satisfactory test-retest reliability [37].

The attention network test (ANT) will be used to assess the alerting, orienting, and
executive networks of the attentional system independently in a single test [38]. The test is
a combination of the Flanker paradigm and a cueing task, with four cue types (no, central,
double, and spatial) and three flanker types (congruent, incongruent, and neutral). The
cue stimuli are asterisks, and are always valid to provide temporal information about the
coming target stimuli. The target stimuli are five horizontal arrows that serve as flankers.
Participants will be instructed to respond to the central arrow as fast and as accurately as
possible [39,40].

A matrix reasoning test (MRT) will be used to measures abstract nonverbal reasoning
ability. This test includes 35 items, in which the individual is required to look at an
incomplete matrix and select the missing portion from five response options. This test
is a subtest of the Wechsler Abbreviated Scale of Intelligence, and is relatively language
free [41]. The score is generated based on the number of items completed correctly.

The Taiwan version of the International Physical Activity Questionnaire (IPAQ) will
be used as a subjective measurement to estimate the total amount of physical activity in
the preceding week.

The Mi Band wristband will be used to measure objective physical activity. Partici-
pants will be asked to wear the wristband all day from one week before the intervention,
during the whole intervention, during the 3-month post-intervention. The wristband
inserts a 3-axis acceleration sensor ADXL362 that measures the number of walking steps
and distance travelled in everyday life. The wristband will also monitor the heart rate
during intervention.

2.7. Data Collection, Management and Statistical Analysis

The outcome measures will be carried out conducted in the community center by
trained research assistants who are not involved in the intervention. All outcome data
will be collected and stored electronically. A data management team will be established
to monitor the process of data collection, record and analysis once a week during the
project. The data of the participants who withdraw will be treated as having no change
from baseline after dropping out. Analysis of variance (ANOVA) or the χ2-test will be
used to assess differences across groups with respect to age, percentage of females, BMI,
scores on MMSE, visual acuity, resting heart rate, and blood pressure. If group differences
are observed at baseline, these variables will be included as covariates in further analysis.
Repeated-measures analysis of variance will be used for the primary and sedentary out-
come measures. Dependent variables include the accuracy and reaction times on VWMT,
VSMT and VMTT, the scores on alerting, orienting, and executive networks of ANT, Matrix
reasoning test, MAC-Q and IPAQ, and the number of steps and distance. Independent vari-
ables include group (open-skill exercise, closed-skill exercise, cognitive training and control
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group) as the between subject factor, and the test time points (pre-test, intermediate-test,
post-test, and 3-month follow-up test) as the within subject factor. To reveal the relationship
between subjective memory complaint and objective working memory ability, Pearson
correlation will be adopted to compute the correlation coefficient between the accuracy of
VWMT and the MAC-Q score at different test time points.

3. Discussion

Previous studies that evaluated how open/closed-skill exercises affected the cognitive
functions of older people mainly used a cross-sectional design [25,32]. There has been only
one longitudinal study using a 6-month randomized controlled trial [27]. The longitudinal
study showed that older adults who participated in open-skill exercises had better execu-
tive function compared to those that participated in closed-skill exercises. However, the
mechanism underlying the additional advantage of open-skill exercises remains subject to
debate. One major strength of the proposed study protocol is its design with four groups.
In addition to the open-skill, closed-skill, and control group, there will be a cognitive
training group. The inclusion of a cognitive training group provides the opportunity to
separate the physical activity component and cognitive activity component by compar-
ing differences among the groups. This approach might reveal the possible mechanisms
driving the additional cognitive benefits of open-skill exercises. The closed-skill group
and cognitive training group will only have the physical activity and cognitive activity
component, respectively, while the open-skill exercise group will involve both physical
and cognitive components. The cognitive training group will use a table tennis mobile
game that differs previous computerized cognitive training [42,43], as it will utilize the
same cognitive component as the open-skill exercise group.

Several studies have explored various methods to combine cognitive and physical
training as a tentative approach to improve cognitive functions. On one hand, according
to the cardiovascular fitness hypothesis, participant in chronic exercises may lead to
changes in cardiovascular system, this change can increase cerebral blood flow and the
up-regulation of neurotransmitters [44]. On the other hand, cognitive training can guide
and integrate new neurons and synapses into existing neural networks [45]. Therefore, the
combination of the two interventions may induce superimposed cognitive benefits. The
combination of cognitive and physical training typically being completed separately or
simultaneously. It has been demonstrated that simultaneous combination has a larger effect
on cognitive function compared to their being conducted separately. The simultaneous
combination is usually conducted as dual-tasks, such as pedaling on a stationary bike
while learning the memory strategies and practicing the memory drills presented by a
trainer on the screen in front of them [46]. These combinations are not popular by the
elderly population due to the difficulty of implementation. Thus, open-skill exercises
that are played in a dynamically changing, unpredictable, and external environment, and
require a cognitive component, represent better choice. Similar to table tennis used in this
proposed study, Moreau et al., (2015) designed training that was loosely based on freestyle
wrestling. This approach favored new motor coordination via demonstrations and active
trial-and-error problem-solving with a partner. After 8 weeks training, the designed sport
group showed the largest gains in all cognitive measures. [47]. Open-skill exercises can
be viewed as high ecologically validated approaches that combine cognitive and physical
training simultaneously.

This proposed project differs to previous studies by measuring visuospatial working
memory as a primary outcome, rather than general cognitive function. This is key because
visuospatial working memory ability declines more severely after the age of 60. Addition-
ally, a previous cross-sectional study of older adults only revealed a possible relationship
between exercise mode and visuospatial working memory. In comparison, the proposed
longitudinal project will explore the reasons why open-skill exercises generate more bene-
fits on visuospatial working memory. The subjective memory complaint (SMC) will also
be measured alongside the objective measures of working memory. SMC is defined as the
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reporting of memory problems without pathological results on neuropsychological tests.
SMC is associated with later cognitive decline and a higher incidence of dementia [48].
A randomized controlled study reported that 12 weeks of exercise interventions induced
beneficial effects on memory complaints (tested by MAC-Q), but not on objective memory
performance (tested by the Prose Test and Rey test) [49]. In addition to SMC, the proposed
study will investigate the association between MAC and visuospatial working memory,
which have been subject to controversy in previous studies.

A limitation of the study is that outcome measures mainly include cognitive domains.
However, the general aim of exercise is to provide benefits on the overall aspects of well-
being, including both cognitive functions and physical performance. Apart from the
included measures of physical activities, other measures of cardiovascular fitness and
physical performance such as mobility, balance, strength and endurance will also be added
to evaluate the physical functions in future studies.

4. Conclusions

The overall goal of this study is to compare the effects of open-skill exercises on
cognition in older adults. If successful, the results of the proposed study provide important
evidence-based recommendations for older adults to select the most efficient and effective
exercise mode to improve cognitive function. In particular, this study will reveal the
mechanism driving the additional cognitive benefits of open-skill exercises compared to
closed-skill exercises.
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Abstract: Abundant evidence shows that various forms of physical exercise, even conducted briefly,
may improve cognitive functions. However, the effect of physical exercise on creative thinking
remains under-investigated, and the role of mood in this effect remains unclear. In the present
study, we set out to investigate the effect of an acute bout of aerobic exercise on divergent and
convergent thinking and whether this effect depends on the post-exercise mood. Forty healthy
young adults were randomly assigned to receive a 15-min exercise or control intervention, before
and after which they conducted an alternate use test measuring divergent thinking and an insight
problem-solving task measuring convergent thinking. It was found that exercise enhanced divergent
thinking in that it increased flexibility and fluency. Importantly, these effects were not mediated
by the post-exercise mood in terms of pleasure and vigor. In contrast, the effect on convergent
thinking depended on subjects’ mood after exercise: subjects reporting high vigor tended to solve
more insight problems that were unsolved previously, while those reporting low vigor became less
capable of solving previously unsolved problems. These findings suggest that aerobic exercise may
affect both divergent and convergent thinking, with the former being mood-independent and the
latter mood-dependent. If these findings can be replicated with more rigorous studies, engaging in a
bout of mood, particularly vigor-enhancing aerobic exercise, may be considered a useful strategy for
gaining insights into previously unsolved problems.

Keywords: aerobic exercise; creativity; convergent thinking; divergent thinking; flexibility; insight
problem-solving; cognitive functions; mood; vigor; pleasure

1. Introduction

A growing body of research has investigated the positive impact of a single bout
of physical exercise on cognitive functions (for a meta-analysis, [1–5]; for a narrative re-
view, [6–8]). For instance, a single bout of aerobic exercise may improve attention and
executive functions [2,4,5], boost the speed of information processing [3], and enhance
memory storage and retrieval [1]. Several neurobiological mechanisms have been proposed
to explain these cognitive benefits, including increased production or release of lactate, cor-
tisol, neurotrophins (e.g., BDNF, IGF-1), and neurotransmitters (e.g., serotonin, dopamine,
endocannabinoids) as well as functional hemodynamic brain changes (particularly in the
prefrontal cortex) following exercise [7,9–12]. Despite these fruitful findings, relatively
little is known about the effects of physical exercise on creativity or creative thinking (for a
brief literature review, see below).

It has been generally considered that creative thinking comprises two fundamental
processes: divergent thinking, which involves stretching beyond existing ideas to create
multiple, novel ones, and convergent thinking, which involves narrowing down and
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approaching a single correct, task-appropriate solution [13]. Performance on tests of
divergent and convergent think has been reported to predict real-life creative potential,
achievement, and creativity evaluated by others [14–17]. Since creative thinking is the key
to invention and innovation and is indispensable for the progress of science, technology,
business and management, education, art, and society as a whole [18], the search for
strategies to enhance creative thinking may have great social significance.

We identified six papers [19–24] investigating the after-effects of acute physical exercise
on creative thinking (i.e., creativity post-exercise) that included a control group or condition
and with the full-text available (see Table S1, the literature search strategy is described in
the footnote of Table S1). All of the studies evaluated divergent thinking with the original
or adapted versions of the alternate uses test (AUT, [25,26]). In this test, subjects are asked
to write down as many as possible uncommon, original uses of common objects, such as
“bricks” and “tin cans”. The number of generated uses (i.e., fluency), the number of different
conceptual categories the alternative uses are from (i.e., flexibility), and the rareness of
the generated uses (i.e., originality) are commonly used as indicators of creativity. In
contrast, sometimes other indicators, such as the number of details in a given response (i.e.,
elaboration), have also been used [27,28]. Two of the studies [21,23] also investigated the
impact of exercise on convergent thinking, one using the remote associates test (RAT, [29])
and the other its adapted version the compound remote associates test (CRA, [30]). In these
tests, subjects must think of a single word associated with each of three seemingly unrelated
words. For instance, for the three words, “time”, “hair”, and “stretch”, the associate might
be “long”; for the three words “cottage”, “swiss”, and “cake”, the compound associate
might be “cheese”.

To summarize the findings, in brief, the effect of an acute bout of aerobic exercise
on divergent and convergent thinking is inconsistent. Either no effect or an enhancing
or impairing effect on some measures has been reported. Based on the identified studies,
one trend might be speculated that exercise at too low intensity may not reliably improve
divergent and convergent thinking [21–23]. For instance, cycling [21] or walking [23]
at very light-to-light intensity (estimated based on age-estimated maximal heart rate or
HRmax, [31,32]) failed to affect fluency, flexibility, originality, or elaboration of divergent
thinking; nor did they affect the CRA or RAT performance. In contrast, a 4-min walk on
a treadmill or outdoors (considered very light in intensity) increased the originality of
divergent thinking compared to sitting, without affecting the CRA performance [22]. On
the other hand, exercise at too high intensity, for instance, cycling with maximal effort [21],
may reduce the flexibility of divergent thinking and impair the RAT performance (the latter
in subjects without exercise habit).

Insights from the neurobiological literature suggest that an important factor that
may provide a parsimonious explanation to the above inconsistent results is mood. Since
exercise influences mood and cognition through similar neurobiological mechanisms, for
instance, via neurotransmitters, such as serotonin, dopamine, and endocannabinoids [7],
one may expect an association between the creativity and mood effects of exercise. Thus, it
is possible that two previous studies failed to find the creativity-enhancing effect because
their exercise interventions using cycling [21] or walking [23] at very light to light intensity
failed to change subjects’ moods. It is also possible that cycling with maximal effort
impaired divergent and convergent thinking [21] because it caused exhaustion and central
fatigue. Unfortunately, these studies did not examine this potential association, although
an earlier study [19] reported that the creativity effect of approximately 20 min of aerobic
workout or dance was independent of the mood effect. More research is required to confirm
the association between the creativity and mood effects of exercise.

Furthermore, regarding the validity of the tests of divergent and convergent thinking
that have been employed, the AUT has been found to reflect cognitive flexibility and sug-
gested to be a validated measure of divergent thinking [33]. However, the RAT measuring
convergent thinking has been criticized for having low validity due to its high dependence
on verbal abilities (e.g., [34]). Thus, other more appropriate measures of convergent think-
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ing or creative problem-solving are required for further research and confirmation of the
effect of the exercise.

In the present study, we aimed to address these unsolved issues and test our spec-
ulations with a randomized controlled trial. We employed a 15-min automated exercise
intervention program expected to be primarily moderate in intensity, the workload of
which was greater than normal walking or cycling but lighter than cycling with maximal
effort (as employed by Colzato et al. [21]). We predicted that exercise at this intensity might
improve the participants’ mood without causing central fatigue. Importantly, immediately
following the exercise and control intervention, we measured subjects’ mood at the moment
using a visual analog scale in terms of pleasure, relaxation, and vigor. We predicted that the
creativity effect of exercise might (at least partially) depend on its mood effect. Finally, we
used two sets of creative problem-solving questions that require logical and visuospatial
rather than verbal abilities to evaluate convergent thinking.

2. Materials and Methods

2.1. Participants

The study was approved by the Institutional Review Board of Yamaguchi University
Hospital and preregistered on the University hospital Medical Information Network Clini-
cal Trial Registry (UMIN-CTR, register ID: UMIN000041122). The study was a randomized
controlled trial, with a between-subjects pre-test–post-test comparison design (see design
and procedure below). Forty healthy subjects (all undergraduates, 11 females, 29 males, age:
22.98 ± 1.95 years) were recruited via posters placed on campus and department homepage
and through word-of-mouth. This sample size was estimated with a priori power analysis
based on data from Oppezzo and Schwartz [22]. With inputs of d = 0.999 (estimated from
experiment 3, walk–sit vs. sit–sit), alpha = 0.05, and power of 0.8, 17 subjects per group
were required, and we recruited 20 subjects per group.

The study was carried out following the latest version of the Declaration of Helsinki,
and all subjects agreed to participate in this study and provided written informed consent
after receiving a detailed explanation of the study. The inclusion criteria were being
20–29 years old at the time of the visit. The exclusion criteria were (1) having a history
of diseases that greatly affect cardiopulmonary functions, such as chronic heart failure,
(2) currently suffering from a mental illness or undergoing medical examination, (3) being
a staff of our department, who receives the personnel evaluation directly by the principal
investigator of this study, (4) being judged to be unsuitable for this study (e.g., bodyweight
exceeding the applicable weight of the exercise bike). No participant was excluded owing
to meeting any of the exclusion criteria.

2.2. Design and Procedure

Subjects were informed beforehand to (1) get enough sleep on the previous night,
(2) refrain from drinking coffee and energy drinks, from smoking, and from engaging in
intensive physical activities during the two hours before visiting the laboratory, and (3),
contact the staff and reschedule the experiment if they were sick or did not feel well on the
experimental day. On the experimental day, subjects first filled out a form answering their
age, gender, history of smoking and alcohol drinking, education, and questions to confirm
whether they adhered to the above instructions. Subjects also filled out the International
physical activity questionnaire (IPAQ, [35]) indicating their level of physical activity during
the past seven days and the positive and negative affect schedule (PANAS, [36]) indicating
their current mood. They then completed bodyweight tests, height (for the calculation of
BMI) and grip strength (Lafayette hydraulic hand dynamometer model J00105, the average
of the two hands was used).

In this study, we used a between-subjects pre-test–post-test comparison design (Figure 1).
Although a within-subjects crossover pre-test–post-test design may be more rigorous [8],
the nature of the creative thinking tests precluded us from using this design. Specifically,
for a within-subjects crossover pre-test–post-test design, participants must effectively
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perform the creative thinking tests four separate times. A critical characteristic of insight
problem-solving tests for the evaluation of convergent thinking is that once subjects achieve
insight into a problem, they will easily solve similar problems. As the available validated
insight problems are limited at the moment, it is hard or almost impossible to appropriately
schedule four assessments.

–
–

–

 
Figure 1. Schematic illustration of the study design.

Here, forty subjects were randomly assigned to receive a 15-min exercise or con-
trol intervention, before and after which they conducted tests of creative thinking that
comprised a divergent thinking test and a convergent thinking test in a counterbalanced
order. The statistical comparison revealed that subjects assigned to the two groups did not
differ in their gender distribution, smoking and alcohol drinking habits, total metabolic
equivalents (METs) of physical activity, BMI, grip strength, and positive and negative
affect. The exercise group, however, had an older age than the control group (23.60 ± 2.14
vs. 22.35 ± 1.57 years, t(38) = 2.110, p = 0.041). Therefore, in our statistical analysis, we
included age as a covariate.

Immediately following the intervention and before the second test of creative think-
ing, subjects were instructed to indicate their mood at the moment in terms of pleasure,
relaxation, and vigor using a visual analog scale. This mood test was designed based on
the valence-arousal two-dimensional affect grid [37]. The mood test generally took less
than 30 s and immediately following the mood test, subjects conducted the second test
of creative thinking. After the second test of creative thinking, subjects also filled out a
set of questionnaires (measuring psychological stress, depressive and anxious symptoms,
etc.) and cognitive tests (measuring decision-making and working memory), the results of
which were not analyzed here.

2.3. Intervention

For the exercise intervention, we used the automated physical test program built in an
exercise bike (Fukuda Denshi Wellbike BE-260). The program lasted 15 min and consisted
of 10 min of physical test and 5 min of cooldown. Subjects were asked to sit quietly on the
bike during the first minute to measure their resting state pulse rate and to start pedaling
from the second minute at a pace of 50 rpm. The workload increased at 4 and 7 min after
the start of the program according to the pulse rate of the subjects at the moment. For males,
the workload increased to 12–25 N·m after 4 min and 15–35 N·m after 7 min, depending on
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the pulse rate of the subjects. For females, the workload increased to 8–15 N·m after 4 min
and 11–25 N·m after 7 min, depending on the pulse rate of the subjects. Following the
10 min physical text, subjects performed a 5-min cooldown, pedaling at a self-selected pace.

Under this program, the heart rates of subjects are expected to rise to around 110–115 bpm
after the first three minutes of pedaling (1–4 min), 123–135 bpm after the second three
minutes of pedaling (4–7 min), and then maximally around 160 bpm after the last three
minutes of pedaling (7–10 min). Since exercise intensity at <57% HRmax is considered very
light, 57–63% HRmax light, 64–76% HRmax moderate, and 77–95% HRmax vigorous [31], the
intensity of the current program is predicted to be very light to light during the first three
minutes, light to moderate during the second three minutes, and moderate to vigorous
during the third minute (assuming a mean age of 25 years and using the formula 220 minus
mean age for the estimation of HRmax, [32]). As a whole, we expected that the intensity and
workload of the exercise program fall between the two interventions employed investigated
by Colzato et al. [21] (for non-athletes, mean HR for a 6-min normal cycling was 93.2 bpm,
or 47% HRmax, and for a 6-min intensive cycling was 131.6 bpm, or 66% HRmax).

Based on health and ethical considerations, we also informed subjects before the
program that if they experienced any progressively increasing chest pain, strong shortness
of breath, strong feelings of fatigue, dizziness, vomiting, headache, stagger, or lower limb
pain while exercising, they should inform the experimenter immediately. In these cases,
the experimenter would immediately end the 10-min physical test. Furthermore, the
physical test would also be terminated if the experimenter noticed any cyanosis, pallor
of the face, cold sweat in the subject. As a result, four subjects reported strong feelings of
fatigue during the 7–10 min of the physical test without any other subjective or objective
symptoms. Therefore, the physical test was immediately terminated for these subjects,
and all of them performed a cooldown for the rest of the intervention without reporting
any other symptoms or request to quit the cooldown or withdraw from the experiment.
Given there was no difference in the mean and maximal HR and self-reported mood after
the intervention between these four subjects and the remaining 16 subjects in the exercise
group, we included all 20 subjects in our final analysis.

For the control intervention, following Chang and Etnier [38], we asked subjects to read
materials on the association between physical exercise and brain functions at a self-selected
pace. The content of the materials was irrelevant to the creativity test and considered
mood-neutral. Through pilot testing with volunteers, who had similar backgrounds to our
subjects, we adjusted the amount of the materials to take roughly 15 min for most subjects
to read. In the case of fast-readers, we prepared another set of materials on the same topic
but with different contents.

During both interventions, subjects’ heart rate was monitored with an Apple Watch
Series 4 (Apple Inc., California, United States), which has been shown to have high ac-
curacy [39]. Unfortunately, due to an initial setting problem, data of the first minute in
the exercise group where subjects stayed seated quietly on the exercise bike were not
recorded. That is, for the exercise group, we had only HR data after they started to pedal.
Nevertheless, since the HR in the first minute is expected to be similar between the exercise
and control group, we do not consider this recording problem a serious issue and, therefore,
used HR across the 14 min as the data for the exercise group.

2.4. Divergent Thinking

We used the AUT for the measurement of divergent thinking. Subjects were presented
three common objects and asked to write down as many as possible uncommon, original,
and unique uses of those objects in 4 min on A4 size blank paper. We prepared two
sets of objects, and for each subject, one set was randomly selected for pre-test (before the
intervention) and the other post-test (after the intervention). For set A, “brick”, “empty can”,
and “umbrella”were used; for set B, “pencil”, “tissue box”, and “newspaper” were used.

For the scoring of the AUT, we used fluency, flexibility, and originality as indicators of
creativity [27,28]. Fluency was defined as the number of generated uses. Flexibility was
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the number of different conceptual categories the alternative uses are from. Originality
refers to the rareness of generated uses and was defined here based on the conceptual
category of the uses, rather than the uses, per se. Only if one single subject gave use(s) from
a specific conceptual category, the category counted as original; if two or more subjects
gave use(s) from the same conceptual category, the category did not count as original for
both or all of them. For instance, given “brick”, “road mark” belongs to one category, while
“paperweight” and “stone weight” belong to another. If one subject gave “paperweight”
and the other subject “stone weight”, the response counted as original for neither of them. A
primary coder scored all responses, and a secondary coder scored responses for a randomly
selected object. The two coders reached an agreement of Cohen’s κ = 0.936 for flexibility
and Cohen’s κ = 0.706 for originality, which is considered substantial or almost perfect [40].

2.5. Convergent Thinking

We used the matchstick arithmetic problems developed by Knoblich et al. [41] to
evaluate insight problem-solving or convergent thinking in our pre-test. A matchstick
arithmetic problem consists of a false equation written with Roman numerals, for example,
II = III + I. Subjects were required to move a single stick to transform the equation into a
correct one. In the above example, the correct response is to move one stick from “III” on
the right side to “II” on the left side. Four different classes of problems can be identified
based on the kind of move, including moving a matchstick from a numeral to another
numeral (type A), moving a matchstick from an operator sign to another operator sign or
numeral (type B), rotating the vertical matchstick of the plus sign to form an equal sign
(type C), and sliding one of the matchsticks from the symbol X to form V (type D).

Based on data reported by Knoblich et al. [41] and our pilot testing, we selected six
problems and set 12 min as the time limit for solving these problems in our pre-test. The
six problems included two problems from type A and B each and one problem from type
C and D each. We expected that a total of six problems was adequate such that subjects
would not be overwhelmed while at the same time most of them would not be able to
solve all the problems. Therefore, this allowed us to present the unsolved problems to the
subjects again at post-test to investigate whether exercise could help them gain insights on
these previously unsolved problems. In the post-test, subjects were given three minutes to
solve the unsolved or incorrectly solved problems. Those who correctly solved all pre-test
problems were presented three new problems to work on at the post-test.

Before solving these problems in the pre-test, all subjects first went through a training
session to ensure that all were familiar with Roman numerals. They were instructed to
study a correspondence table between modern numerals (1–15) and Roman numerals (I
through XV) until they passed two tests: in the first test, they were presented all the fifteen
modern numerals in random order and asked to write down the corresponding Roman
numerals; in the second test, vice versa, they were presented with all the Roman numerals
and asked to write down the corresponding modern numerals.

For convergent thinking at post-test, we also included another set of creative problem-
solving puzzles that require visuospatial and logical reasoning [42]. Tago [42] is a selected
collection of creative puzzles written by the Japanese educator Akira Tago, from his series
atama no taiso or Mental Gymnastics first released in 1966. The puzzles in the series have
been considered a valid measure of creativity in the Japanese culture and used to evaluate
creativity in scientific studies by Japanese researchers [43]. Based on our pilot testing, we
selected three puzzles for our test here. As an example, the first puzzle had the background
stating that three friends were about to eat three pieces of isosceles triangle-shaped cakes
when one more friend joined them; the question was, what is the minimum number of
times required for cutting these three pieces of cakes into four equal parts, in order for four
of them to eat. Subjects were encouraged not to give up and to do their best to solve all
the puzzles. If subjects finished answering all the puzzles before the time limit (i.e., 9 min),
they were given four more puzzles to solve, the results of which were not analyzed here.
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Therefore, for convergent thinking, we created two measures for data analysis, one
was a creative problem-solving (CPS) score consisted of matchstick arithmetic problems at
pre-test and creative problem-solving puzzles at post-test; the other was a re-test score on
the matchstick arithmetic problems (or matchstick re-test) obtained at post-test only.

After subjects finished all the above convergent thinking tests, they filled out a survey
asking whether they have seen any of the tests presented. Two subjects (both from the
exercise group) had seen exactly the same creative problem-solving puzzle previously (the
second and third puzzle) and, therefore, were excluded from relevant data analysis (where
n = 18 for the exercise group).

2.6. Statistical Analysis

The statistical analysis was conducted with IBM SPSS Statistics 26.0. The normality
of the data was checked using the Shapiro–Wilk test. Student’s t-tests or Mann–Whitney
U tests were used for comparing between-group differences, while repeated measures
ANOVAs were used for comparing between-group pre-test–post-test effects, with group
(control vs. exercise) as between-group factor and time (pre-test vs. post-test) as the
within-subjects factor. Due to an age difference between the two groups, age was included
as a covariate in one-way ANCOVAs and repeated measures ANOVAs. Pearson’s or
Spearman correlation analysis was used to examining the association between mood and
creative thinking measures. Median analysis was conducted with Mplus 8.0 (Muthén and
Muthén, 2012). Effect size (Cohen’s d) was calculated using G*Power Version 3.1.9.6 [44].
A significance level of p < 0.05 was used.

3. Results

3.1. Heart Rate and Mood Measures

As plotted in Figure 2, compared to the control group, subjects in the exercise group
had significantly higher mean heart rate (U = 4.000, p = 0.000, d = 3.72) and maximal
heart rate (U = 0.000, p = 0.000, d = 5.47) during the intervention, and higher heart rate
in the last minute of the intervention (t(38) = 6.766, p = 0.000, d = 2.14). Subjects in the
exercise group also reported higher feelings of pleasure (t(38) = 3.707, p = 0.001, d = 1.17)
and vigor (t(38) = 3.625, p = 0.001, d = 1.15), but not relaxation (t(38) = 0.015, p = 0.988).
All these between-group differences remained significant after incorporating age as a
covariate (one-way ANCOVAs). Given that the mean heart rate was equivalent to 60.2%
age-estimated HRmax [31,32], our exercise intervention was considered primarily light in
intensity, despite the fact that the maximal heart rate here had reached 80.8% age-estimated
HRmax (considered vigorous in intensity). Furthermore, since the two groups did not differ
in their positive and negative affect at baseline, the above results suggest that exercise
increased subjects’ feelings of pleasure and vigor.

3.2. Divergent Thinking

The between-group pre-test–post-test comparisons of the AUT results are shown
in Figure 3 and Table S2. There was a significant effect of group × time interaction on
flexibility (F(1,38) = 5.158, p = 0.029, d = 0.37) and a trend towards significance on fluency
(F(1,38) = 3.588, p = 0.066, d = 0.31). Similar results were obtained after, including age as a
covariate (F(1,37) = 4.898, p = 0.033 for flexibility, F(1,37) = 3.866, p = 0.057 for fluency). As
shown in Figure 3, exercise increased flexibility and fluency (with a trend) at post-test,
without affecting originality.
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Figure 2. Intervention effect on heart rate (HR) and mood. Upper panels: HR; lower panels: mood. ** p < 0.01, *** p < 0.001
compared to control. Data shown as means ± SE, circles represent individual responses.

 

(a) (b) 

 
(c) 

Figure 3. Exercise effect on divergent thinking (AUT). (a), fluency; (b), flexibility; (c), originality. * p < 0.05, indicating a
significant effect of group × time interaction; #, p = 0.066 for the group × time interaction. Data shown as means ± SE.
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3.3. Convergent Thinking

The comparisons of the convergent thinking scores are shown in Figure 4 and Table S2.
No significant effect of group × time interaction was obtained for the CPS score, although a
significant effect of time (F(1,36) = 57.134, p = 000, d = 1.26) indicating that subjects obtained
significantly lower scores at post-test compared to pre-test was observed (Figure 4a). This
difference, however, became nonsignificant after controlling age (Table S2). There was also
no difference between the two groups in the score of the matchstick re-test (Figure 4b),
which remained unchanged after controlling age.

  

(a) (b) 

test and subjects’ self

–

−1

Figure 4. Exercise effect on convergent thinking. (a), CPS; (b), matchstick re-test. Data shown as means ± SE, circles
represent individual responses.

3.4. Mood Effect

To explore whether mood regulated the exercise effect on divergent and convergent
thinking, we conducted a correlation analysis for each group between creativity scores at
post-test and subjects’ self-reported mood following the intervention. As shown in Table
S3 and Figure S1, neither pleasure nor vigor was associated with AUT measures in the
control or exercise group (all p > 0.10), although relaxation was positively associated with
AUT measures in the control group (r/rho = 0.511–0.572, all p < 0.05). Whereas exercise
boosted fluency and flexibility and increased pleasure and vigor, there were no correlations
between these mood and creativity measures.

Based on the literature review mentioned in the Introduction, we further tested the
hypothesis that exercise improves fluency and flexibility through its effect on mood, namely
pleasure and vigor, using mediation analysis. Specifically, we tested three models for each
outcome variable (i.e., fluency and flexibility): In the first model, pleasure and vigor
concurrently mediate the effect of exercise, while in the second and third models, pleasure
or vigor alone mediates the effect of exercise. Contrary to our hypothesis, none of the
models indicated a significant indirect mediation effect (all p > 0.10; Table S4).

For convergent thinking, notably, there was a positive association between matchstick
re-test score and pleasure and vigor in the exercise group only (Table S3, Figure 5a). Subjects
reporting high feelings of pleasure or vigor after exercise showed better performance on
the matchstick re-test. These correlations (for pleasure, rho = 0.503, p = 0.047; for vigor,
rho = 0.647, p = 0.007) are considered moderate to moderately high in magnitude [45].
When we divided the exercise group into low and high vigor groups based on a median
split, compared to the control group, subjects in the high vigor group (Exercise: High
Vigor) tended to have a higher score on the matchstick re-test (U = 34.00, p = 0.081, d = 0.83,
Figure 5b), while those in the low vigor group (Exercise: Low Vigor) had a significantly
lower score on the matchstick re-test (U = 24.00, p = 0.008, d = −1.13). That is, compared
to the control group, subjects reporting high vigor after exercise tended to solve more
matchstick problems that were unsolved before the intervention. On the other hand,
subjects reporting low vigor became even less capable of solving the previously unsolved
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problems. However, there were no such differences when we conducted a similar analysis
with pleasure.

ted another analysis to test whether subjects’ self
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Figure 5. Exercise effect on matchstick re-test affected by vigor. (a) Scatterplot of the association (with a regression line)
between post-intervention vigor and matchstick re-test score in each group; (b) comparison of matchstick re-test score
between control and the two exercise groups (created based on a median split of vigor). **, p < 0.01; # p = 0.081, compared to
control. Data shown as means ± SE, circles represent individual responses.

We also conducted another analysis to test whether subjects’ self-reported vigor
post-exercise was associated with their physical fitness and exercise habits, based on the
assumption that subjects with a low level of physical fitness and habitual physical activity
may be more easily exhausted. A comparison of the low to the high vigor group indicated
that the low group tended to have lower grip strength (t(14) = −1.948, p = 0.072, d = 0.97)
and conduct less physical activity in the past seven days (total METS, t(10) = −1.895,
p = 0.087, d = 0.95).

4. Discussion

In the present study, we found an exercise program that enhanced subjects’ self-
reported mood (in terms of pleasure and vigor) improved the flexibility and fluency of
divergent thinking. However, there was no correlation between flexibility and fluency
and subjects’ self-reported pleasure and vigor post-exercise, and the creativity effect of
exercise was not mediated by post-exercise self-reported pleasure and vigor. In contrast, the
exercise effect on convergent thinking depended on subjects’ mood after exercise: subjects
reporting high vigor tended to solve more insight problems unsolved previously, while
those reporting low vigor became less capable of solving previously unsolved problems.

We used a built-in automatic physical test program for the exercise intervention, the
intensity of which was considered falling between normal walking or cycling and cycling
with maximal effort (as employed by Colzato et al. [21]). Whereas cycling with maximal
effort impaired flexibility of divergent thinking in Colzato et al. [21], here our exercise
intervention improved flexibility. This may partially support the hypothesis we speculated
in the Introduction that exercises at low-to-moderate intensity might be better able to
enhance divergent thinking than exercise at too low or too high an intensity ([21–23]).
The hypothesis, however, still requires further confirmation by future studies with more
homogenous and accurately prescribed intensities.

Our findings only partially confirm our prediction that the creativity effect of exercise
may depend on its mood effect since the effect of exercise on convergent but not divergent
thinking is mood-dependent. Our speculation that Colzato et al. [21] and Frith and Lo-
prinzi [23] failed to find the divergent thinking-enhancing effect because they used exercise
interventions that did not change subjects’ mood is, therefore, not supported. Our predic-
tion was considered possible because it was consistent with two lines of neurobiological
findings: first, physical exercise improves mood at least partly through increasing neuro-
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transmitters, including serotonin, dopamine, and endocannabinoids (e.g., [46–49]; for a
review, see [7]); and second, these neurotransmitters play a critical role in cognition [50–52]
and are also involved in the cognitive-enhancing effect of exercise [7]. Our results, how-
ever, showed that, while the effect of exercise on convergent thinking depends on mood,
its effect on divergent thinking does not. This raises the possibility that convergent and
divergent thinking might share distinct neurobiological mechanisms. Our findings are
consistent with Steinberg et al. [19], who reported that the divergent thinking enhancing
effect of exercise was independent of mood, although a Likert scale rather than visual
analog scale [53] was used in that study. Future studies are required to test the possibilities
that we suggested and uncover the underlying explanations of why the effect of exercise
on convergent but not divergent thinking is mood-dependent.

For the first time, we showed that the effect of exercise on convergent thinking depends
on post-exercise mood such that high vigor may enhance, while low vigor impairs creative
problem-solving. This finding is in line with studies showing that exercise without causing
changes in mood failed to improve convergent thinking using the RAT and CRA [21,23].
Previous research has indicated a critical role of serotonin, dopamine, and endocannabi-
noids in feelings of vigor [54,55] and behavioral indicators of vigor (e.g., performance or
response vigor, [56,57]). Generally, exercise at an adequate intensity enhances vigor, while
that at too high an intensity causes central fatigue and reduces vigor, likely through the
interactions of serotonin and dopamine in the brain [58]. As such, it is possible that subjects
reporting low vigor after exercise in our study may have been exhausted, which impaired
their cognitive functions. Indeed, our analysis showed that these subjects tended to have
lower grip strength, an important index of physical fitness [32], and conduct less physical
activity in the past seven days. Considering that our exercise program reached vigorous
intensity in the last three minutes, these subjects might have been more easily exhausted.
This speculation is in line with Colzato et al.’s [21] findings that cycling with maximal effort
(moderate intensity) impaired RAT performance in non-athletes but tended to improve
RAT performance in athletes. It is also consistent with a recent report that jogging acutely
enhanced visual attentional control, the effect of which was fully mediated by feelings
of energy [59]. Future studies must further investigate these possibilities and clarify the
association between post-exercise vigor and convergent thinking.

Our findings suggest that engaging in an acute bout of aerobic exercise enhances
divergent thinking, and when it improves vigor, convergent thinking may also be enhanced.
Therefore, aerobic exercise may be considered a simple but useful strategy for improving
these cognitive functions. It may also have important therapeutic potential in psychiatric
contexts since many psychiatric conditions, such as depression, have been associated with
impaired divergent thinking and problem-solving abilities [60–64].

Several important limitations of our study should be noted. First, we used a built-
in automatic physical test program for the exercise intervention and provided a post
hoc estimation of the exercise intensity based on age-estimated maximal heart rate. A
preferred way to account for the individual differences in aerobic capacity is to prescribe a
homogenous intensity by referring to a percentage of the aerobic capacity reserve [8,31].
Neither did we have the participants rate their level of perceived exertion during the
exercise intervention, which provides a subjective evaluation of the intensity [8]. A second
limitation of the study is that we used a between-subjects pre-test–post-test design. As
already stated in Materials and Methods, a within-subjects crossover pre-test–post-test
design may be more rigorous [8]. However, the nature of the creative thinking tests
hindered us from using this design. We hope more insight problems and convergent
thinking tests will be developed and validated in the near future so that we will be able to
use more rigorous designs. A third limitation is actually related to the insight problems
we used to measure convergent thinking. As shown in Figure 4A, subjects on average
performed poorly on the CPS at post-test. A closer look at subjects’ responses indicated
that 30 subjects (75%) failed to solve any puzzle or correctly solved merely one puzzle.
Due to this high level of difficulty, a floor effect may have occurred that hindered us from

215



Brain Sci. 2021, 11, 546

detecting the specific, creativity-enhancing effect of exercise. Future research needs to use
convergent thinking tests with an appropriate level of difficulty to confirm our findings.

Lastly, our sample size was relatively small, and although the data of AUT-originality
and matchstick re-test were not normally distributed, we still used two-way ANOVA and
one-way ANCOVA for our main analysis. These tests were considered rather robust, and
few nonparametric tests existed for these situations [65]. Future studies with large sample
sizes, more robust statistical tests and appropriate statistical powers are required to confirm
the influence of mood on the creativity effects we reported here. We hope the current
exploratory study may provide useful preliminary findings for more rigorous studies in
the future.

5. Conclusions

In a randomized controlled trial with a between-subjects pre-test–post-test comparison
design, we found that a 15-min exercise program improved divergent thinking in terms
of fluency and flexibility, and the effect did not depend on subjects’ self-reported mood
after exercise. The exercise program, however, affected convergent thinking in a mood-
dependent manner such that subjects reporting high vigor tended to solve more insight
problems that were unsolved previously. In contrast, those reporting low vigor became less
capable of solving previously unsolved problems. Although our sample size was relatively
small, these findings suggest the possibility that engaging in a bout of mood, particularly
vigor-enhancing aerobic exercise, may be considered a simple but useful strategy for
gaining insights into previously unsolved problems. Future more rigorous studies are
required to replicate our findings.
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