
NEUROSCIENCE

RESEARCH ARTICLE
K. Suwabe et al. / Neuroscience xxx (2020) xxx–xxx
Positive Mood while Exercising Influences Beneficial Effects of

Exercise with Music on Prefrontal Executive Function: A Functional NIRS
Study

Kazuya Suwabe, a,b,c Kazuki Hyodo, a,c,d Takemune Fukuie, a,b Genta Ochi, a,b Kazuki Inagaki, e,f,g Yosuke Sakairi e,f and
Hideaki Soya a,b*

a Laboratory of Exercise Biochemistry and Neuroendocrinology, Faculty of Health and Sport Sciences, University of Tsukuba Ibaraki 305-8574,

Japan

bSport Neuroscience Division, Advanced Research Initiative for Human High Performance (ARIHHP), Faculty of Health and Sport Sciences,

University of Tsukuba, Ibaraki 305-8574, Japan
cFaculty of Health and Sport Sciences, Ryutsu Keizai University, Ibaraki 301-8555, Japan

dPhysical Fitness Research Institute, Meiji Yasuda Life Foundation of Health and Welfare, Tokyo, Japan

e Laboratory of Sports Psychology, Faculty of Health and Sport Sciences, University of Tsukuba , Ibaraki 305-8574, Japan

fAdvanced Research Initiative for Human High Performance (ARIHHP), Faculty of Health and Sport Sciences, University of Tsukuba, Ibaraki 305-

8574, Japan

gSchool of Human Movement and Nutrition Sciences, The University of Queensland, Brisbane QLD 4072, Australia

Abstract—Much attention has been focused on physical exercise benefits to mental health such as mood and cog-
nitive function. Our recent studies have consistently shown that a single bout of exercise elicits increased task-
related brain activation mainly in the dorsolateral part of the prefrontal cortex (DLPFC), which results in improved
executive performance. As the DLPFC is associated with the modulation of mood as well as executive function, it
is tempting to hypothesize that exercising while in a positive mood would facilitate the beneficial effects of exer-
cise on executive function via DLPFC activation. Thus, we conceived an experiment that used music to elicit a
positive mood during exercise. Thirty-three young adults performed ten minutes of moderate-intensity

(50% _Vo2peak) pedaling exercise with two experimental conditions: listening to music and listening to beeps at
a steady tempo. Mood and executive function were respectively assessed using the Two-Dimensional Mood Scale
and a color-word-matching Stroop task before and after the exercise sessions. Prefrontal activation during the
Stroop task was monitored using functional near-infrared spectroscopy. Exercise with music elicited greater
enhancement of a positive mood (vitality) than did exercise with beeps. Contrary to our hypothesis, there were
no significant differences between conditions in improvement in Stroop task performance and task-related corti-
cal activation in the left-DLPFC. The correlation analyses, however, revealed significant correlations among
increased vitality, shortened Stroop interference time and increased activation in the left-DLPFC. These results
support the hypothesis that positive mood while exercising influences the benefit of exercise on prefrontal acti-
vation and executive performance.
This article is part of a Special Issue entitled: Brain Metaplasticity. � 2020 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

Increasing evidence suggests that acute and regular

physical exercise has beneficial effects on mental health

such as cognition and affect (Hillman et al., 2011;

Chang et al., 2012; Voss et al., 2013; Prakash et al.,
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2015). In spite of exercise benefits, about 30% of adults

around the world do not meet the WHO Global Recom-

mendations on Physical Activity for Health (Guthold

et al., 2018). As an important factor for enhancing motiva-

tion towards physical activity, a positive affective

response to physical exercise plays a key role (Rhodes

and Kates, 2015). Hence, applying environmental stimuli

such as listening to music may make it possible to modu-

late the affective response to exercise (e.g., Jones et al.,

2014). Moreover, if a more positive affective response

with exercise has a potentiating effect on the exercise
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benefits for cognition, this evidence would further moti-

vate people to adhere to exercise programs.

Since affective states are easily influenced by various

daily events, an acute-exercise experimental model is

helpful to investigate the relationship between affective

and cognitive responses to exercise itself. It is important

to consider the exercise condition, especially exercise

intensity, because affective and cognitive responses to

acute exercise vary depending on exercise intensity

(Ekkekakis et al., 2008; McMorris and Hale, 2012).

Recent studies have consistently shown that a single bout

of moderate intensity exercise improves executive perfor-

mance in young adults (Yanagisawa et al., 2010;

McMorris and Hale, 2012; Tsai et al., 2016). As the neural

basis for this effect, functional near-infrared spectroscopy

(fNIRS) measurements clarified that task-related cortical

activation was increased in the dorsolateral part of the

prefrontal cortex (DLPFC) (Yanagisawa et al., 2010).

Since the DLPFC is responsible not only for executive

control but also for affective regulation (Perlstein et al.,

2002; Herrington et al., 2005), cognitive and affective

responses to exercise could be associated.

Transient affective states can be assessed according

to a two-dimensional model of mood state consisting of

arousal (excitement-sedation) and pleasantness

(pleasant-unpleasant). The inverted U-shaped

relationship between exercise-induced changes in

arousal levels and cognitive function is well-documented

(Chmura et al., 1994; Kamijo et al., 2004). Indeed, our

previous data supports this theory: exercise induced

increased psychological arousal associated with improve-

ment in task performance and DLPFC activation (Byun

et al., 2014b; Kujach et al., 2018). On the other hand,

exercise-induced pleasantness (affective valence) could

also have positive effects on executive function through

functional activation in the DLPFC. Recent neuroimaging

studies have demonstrated that pleasant stimuli increase

task-related activation in the DLPFC (Perlstein et al.,

2002; Dolcos et al., 2004; Herrington et al., 2005), while

aversive stimuli have the opposite effect (Dolcos and

McCarthy, 2006; Qin et al., 2009). This evidence led us

to hypothesize that exercise that induces a more positive

mood (high-arousal, high-pleasure) may facilitate benefi-

cial effects of exercise on executive function via DLPFC

activation.

To elicit a positive affective response to exercise, we

focused on the use of music. In an exercise setting,

music is a powerful tool for boosting motivation towards

exercise (Karageorghis and Priest, 2012), reducing per-

ceived exercise-induced exertion (Szmedra and

Bacharach, 1998; Potteiger et al., 2000; Yamashita

et al., 2006), and increasing pleasure (Shaulov and Lufi,

2009). In addition, a long-term intervention of exercise

combined with music has more positive effects on cogni-

tive function compared with exercise alone (Satoh et al.,

2014; Tabei et al., 2017). However, the neural basis of

this effect in association with transient affective responses

has yet to be elucidated.

In our previous studies, we used a fNIRS method

combined with the color-word Stroop task (CWST) to

examine acute effects of exercise on prefrontal
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executive function (Yanagisawa et al., 2010; Hyodo

et al., 2012; Byun et al., 2014b; Kujach et al., 2018;

Ochi et al., 2018). Multi-channel fNIRS is an optical

method that noninvasively assesses task-related cortical

activation by measuring changes in hemodynamic

responses, capable of resolving subfields of the prefrontal

cortex. fNIRS allows subjects to perform tasks in a natural

and comfortable environment without being confined to a

small, restricted space, thus it has an advantage in mea-

suring cortical activation in association with mood com-

pared to other neuroimaging methods such as fMRI.

Taken together, the aim of the present study is to clarify

the impact of a positive mood elicited by exercise with

music on prefrontal executive function using fNIRS. Our

working hypothesis is that, compared to exercise without

music, exercise while listening to favorite music would

enhance positive mood, CWST performance and task-

related DLPFC activation, and that these mood and cog-

nitive improvements would coincide with each other.
EXPERIMENTAL PROCEDURES

Participants

Thirty-three healthy young adults (mean age 20.9

± 2.4 years, 12 females) participated in this study. No

participant reported a history of neurological or

psychiatric disorders including depression, or had a

disease requiring medical care. No participant reported

smoking habits. All participants had normal or corrected-

to-normal vision and normal color vision. All participants

were recruited from the student population of the

university of Tsukuba using ethics-board-approved flyers

that were posted across the campus. Therefore, age,

educational level and intelligence levels are comparable

across the participants of this study. Written consent

was obtained from all participants. Ethical clearance for

the study was obtained from the Institutional Ethics

Committee of the University of Tsukuba. The study

conformed to the ethical requirements of the latest

version of the Helsinki Declaration. Participants’

demographic and physiological characteristics are

presented in Table 1.
Procedure

On the first visit, participants performed a graded exercise

test (GXT) to estimate an appropriate individual exercise

load corresponding to moderate intensity (50% _Vo2peak).
During the second and third visits, participants

performed 10 min of pedaling exercise under two

conditions: while listening to their favorite music (Music

condition) or while listening to metronome-like beeps at

a steady tempo (Metro condition) (Fig. 1A). The two

experimental conditions were implemented using a

within-subject, crossover design with randomized order

to minimize the effects of inter-subject variability. Each

visit was separated by a minimum of 48 hours.

Participants were asked to refrain from exercise and

from the consumption of alcohol and caffeine for at least

24 h prior to the experiment so as to control for outside

factors that could affect cognitive function.
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Table 1. Participant Demographic and Physiological Characteristics (mean ± SD) BMI: Body mass index; HR: Heart rate; RPE: rating of perceived

exertion

Measure All Male Female

Sample size 33 21 12

Age (yr) 20.9 (2.4) 21.5 (2.7) 19.9 (1.3)

Height (cm) 167.7 (7.7) 172.3 (4.6) 159.7 (5.1)

Weight (kg) 58.6 (8.2) 62.5 (7.2) 51.8 (4.7)

BMI (kg/m2) 20.8 (2.2) 21.0 (2.2) 20.4 (2.3)

_Vo2peak (ml/min/kg) 41.7 (7.6) 44.0 (7.7) 37.7 (5.6)

HR (beat/min)

Beep 135.4 (13.5) 133.8 (12.5) 138.1 (15.2)

Music 135.2 (14.1) 131.2 (12.6) 142.0 (14.5)

RPE

Beep 13.4 (2.5) 13.2 (2.3) 13.7 (2.8)

Music 12.8 (2.3) 13.0 (2.2) 12.3 (2.5)

Fig. 1. (A) Experimental procedure for exercise with beeps at a steady tempo (Metro) and with one’s

favorite music (Music). (B) The color-word Stroop task (CWST). Examples of single trials for the

neutral, congruent, and incongruent trials of the CWST are presented. Stimuli were presented in

Japanese. English translations are denoted in parentheses.
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An outline of the experimental procedures is shown in

Fig. 1A. After arrival, the participants underwent the pre-

session of the CWST. Then, the participants performed

10 min of pedaling exercise on a recumbent cycle

ergometer at 60 revolutions per minute (rpm), with an

individualized load which corresponded to moderate

intensity (50% of a subject’s _Vo2peak) in one of the two

experimental conditions. We adopted this exercise

intensity and duration because moderate intensity

exercise, which is defined as 46-63% of maximal

oxygen uptake, is the recommended intensity as an

exercise prescription for general health (Pescatello,

2014), and our prior results have documented the benefi-

cial effects of this intensity and duration of exercise on

executive function in young and older adults

(Yanagisawa et al., 2010; Hyodo et al., 2012). Heart rate
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(HR; Polar RS800CX, Polar, Fin-

land) and rate of perceived exer-

tion (RPE; Borg, 1982) were

monitored every minute during

exercise. Approximately 15 min

after exercise, the participants

began the post-session of the

CWST. This timeframe was cho-

sen because non-cortically derived

physiological parameters such as

middle cerebral artery mean blood

velocity (MCA Vmean) and forehead

skin blood flow (SkBFhead) increase

with a 10-min bout of exercise at a

moderate intensity and return to

basal levels within 15 min (Byun

et al., 2014a).

Auditory stimuli

In the Music condition, participants

were presented with musical

stimuli representing the following

popular music genres: pop, rock,

Latin, classical, jazz, and techno.

The tempo of all tracks was

adjusted to 120 beats/min which

is compatible with the pitch of the

pedaling exercise. On the first

visit, participants previewed the

music lists and selected one of
them to listen to during their exercise session for the

Music condition. In the Metro condition, participants

listened to beeps at a steady tempo (120 beat/min). All

auditory stimuli were delivered via earphones and the

volume was adjusted to a comfortable listening level

before beginning the session.

Measurements
Cardiorespiratory fitness assessment. Prior to the

experiments, the participants underwent a GXT using a

recumbent ergometer (Strength-ergo 240, Mitsubishi

Electric Corporation, Japan). After a warm-up exercise

of 3 min at 30 W, the work rate increased by 20 W
tive Function: A Functional NIRS Study. Neuroscience (2020),
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(female: 15 W) per minute in a constant and continuous

manner to exhaustion. The pedaling rate was kept at

60 rpm. Exhaled gas was analyzed using a gas analyzer

(Aeromonitor AE280S, Minato Medical Science, Japan).

HR and RPE were recorded every minute. _Vo2peak was

determined when at least two of the following criteria

were satisfied: (1) the respiratory exchange ratio (R)

exceeded 1.05, (2) achievement of 90% of age-

predicted peak HR (220 – age), and (3) an RPE of 19

or 20.

Mood scale. Psychological mood state was measured

using the Two-Dimensional Mood Scale (TDMS) before

and after the exercise intervention (Sakairi et al., 2013).

The TDMS is a psychometric scale comprising eight

mood-expressing words describing both pleasure and

arousal states (energetic, lively, lethargic, listless,

relaxed, calm, irritated, and nervous). Participants were

asked to indicate how they were feeling at the time

according to a six-point Likert-type scale ranging from

0 = ‘‘Not at all” to 5 = ‘‘Extremely”. Vitality level, which

represents low arousal-displeasure to high arousal-

pleasure (�10 to +10 points), and stability level, which

represents high arousal-displeasure to low arousal-

pleasure (�10 to +10 points), were measured. Based

on these scores, pleasure level (vitality + stability: �20

to +20 points) and arousal level (vitality � stability: �20

to +20 points) were calculated.

Cognitive task. Executive performance was assessed

using the CWST (Stroop, 1935; MacLeod, 1991; Zysset

et al., 2001). Participants were required to judge whether

the color of the upper word (or letters) corresponded to

the color name of the lower word by pressing buttons.

The task consisted of 30 trials, including 10 neutral, 10

congruent, and 10 incongruent, presented in random

order (Fig. 1B). For neutral trials, the top row was made

up of X’s (XXXX) printed in red, green, blue, or yellow,

and the bottom row presented the words ‘RED’, ‘GREEN’,

‘BLUE’, or ‘YELLOW’ printed in black. For congruent tri-

als, the top row was made up of the words ‘RED’,

‘GREEN’, ‘BLUE’, or ‘YELLOW’ printed in the congruent

color (e.g., GREEN was printed in green) and the bottom

row presented color words printed in black. For incongru-

ent trials, the color word in the top row was presented in

an incongruent color (e.g., BLUE was printed in yellow)

to produce cognitive interference between the color word

and the color name. All words were written in Japanese.

The stimulus was presented for 2 s with an inter-

stimulus interval showing a fixation cross for 9–13 s.

The bottom row was presented 100 ms later than the

top row to achieve sequential visual attention. Response

time (RT) and error rate (ER) were recorded and Stroop

interference was calculated as the contrast [incongruent

– neutral], which is an index of executive function in the

prefrontal cortex (MacLeod, 1991; MacDonald et al.,

2000). All participants underwent three practice sessions

prior to the experiment.

fNIRS measurements. We monitored hemodynamic

response to the CWST in the prefrontal cortex using a
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multichannel fNIRS optical topography system (ETG-

7000, Hitachi Medical Corporation, Japan) applying two

wavelengths of near-infrared light (785 and 830 nm).

The composition of the fNIRS probe holder and its

placement followed same procedure as our previous

studies (Yanagisawa et al., 2010; Hyodo et al., 2012;

Byun et al., 2014b; Kujach et al., 2018; Ochi et al.,

2018). To register fNIRS data to Montreal Neurological

Institute (MNI) space, we employed virtual registration

method (Brett et al., 2002; Tsuzuki et al., 2007; Tsuzuki

and Dan, 2014). With this method, a virtual probe holder

is placed on the scalp: the holder’s deformation is simu-

lated and thus probes and channels can be registered

onto reference brains in the MRI database (Okamoto

et al., 2004; Okamoto and Dan, 2005). In order to esti-

mate the most likely locations for given channels, and

their spatial variability, for the group of subjects, a statis-

tical analysis of the MNI coordinate values for the fNIRS

channels was performed (Singh et al., 2005). Finally,

the estimated locations were given anatomical labels

using a MATLAB function that reads anatomical labeling

information coded in a macro-anatomical brain atlas

(Shattuck et al., 2008).

fNIRS data analysis. We analyzed the oxygenated

hemoglobin (oxy-Hb) calculated in units of millimolar-

millimeter (mM�mm) (Maki et al., 1995). Individual timeline

data of each channel were preprocessed using band-pass

filter (high-pass 0.04 Hz, low-pass 0.33 Hz). Channel-

wise and subject-wise contrasts were calculated by the

inter-trial mean of differences between the baseline (0–

2 s before the onset of trial) and the peak (6–8 s after

the onset of trial) periods. A second level of random

effects group analysis was performed using the contrasts

obtained. In accordance with previous studies

(Yanagisawa et al., 2010; Hyodo et al., 2012; Byun

et al., 2014b; Kujach et al., 2018; Ochi et al., 2018), we

combined 3 or 4 neighboring channels to create each

region of interest (ROI), using LBPA40, which is a

widely-used method among anatomical labeling systems

(Shattuck et al., 2008). The ROIs included the left dorso-

lateral PFC (l-DLPFC; channels 13, 14, 16, and 17), the

left ventrolateral PFC (l-VLFPC; channels 2, 6, and 9),

the left frontopolar area (l-FPA; channels 3, 7, and 10),

the right dorsolateral PFC (r-DLPFC; channels 35, 36,

39, and 40), the right ventrolateral PFC (r-VLPFC; chan-

nels 26, 29, and 33), and the right frontopolar area (r-

FPA; channels 25, 28, and 32) (Fig. 2).

Statistical analysis

Analyses of HR and RPE data from the end of the both

exercise sessions (during the last one minute) were

conducted using the paired t-test. Regarding mood

changes, scores for vitality, stability, arousal, and

pleasure were subjected to repeated-measures ANOVA

with condition (Metro, Music) and session (pre, post) as

within-subject factors, and this was followed by

Bonferroni’s post hoc test. Regarding Stroop task

performance, first, we ran a repeated-measures three-

way ANOVA on RT and ER with task (incongruent,

neutral), condition (Metro, Music), and session (pre,
Exercise with Music on Prefrontal Executive Function: A Functional NIRS Study. Neuroscience (2020),
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Fig. 2. The spatial profiles of fNIRS channels and ROI segmentation. DLPFC: dorsolateral prefrontal

cortex; VLPFC: ventrolateral prefrontal cortex; FPA: frontopolar area.
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post) as within-subject factors to examine whether the

general tendencies for the Stroop task could be

reproduced in all conditions. Next, we ran a repeated

measures two-way ANOVA on Stroop interference for

RT and ER with condition (Metro, Music) � session (pre,

post) followed by Bonferroni’s post hoc test. Regarding

fNIRS data, first, we investigated the cortical regions in

response to Stroop interference during the pre-sessions

of both the Metro and Music conditions, which were free

from any effects of exercise and music. The

[incongruent – neutral] contrasts for the two conditions

were averaged and served as substrates for a ROI-wise

analysis with the Bonferroni method (critical p= 0.0083)

for controlling family-wise errors. Then, we ran a

repeated-measures ANOVA on the [incongruent –

neutral] contrast with condition (Metro, Music) and

session (pre, post) as within-subject factors for all ROIs

where significant Stroop interference effects were found.

When there were significant differences in mood

changes between conditions, we examined the relation

between change in mood induced by exercise with

music, Stroop task performance, and cortical activation.

Specifically, the following contrast, {[post-Music] – [pre-

Music]} – {[post-Metro] – [pre-Metro]}, was calculated

for each variable, and these were subjected to Pearson

correlation analysis. Descriptive data are presented as

mean ± SE. Statistical significance was set a priori at

p< 0.05 after multiple comparison correction. Statistical

analyses were performed using SPSS Statistical

Packages version 24 (SPSS, Inc., USA).

RESULTS

Physiological and psychological response to
exercise

HR and RPE at the end of the both exercise sessions are

shown in Table 1. HR and RPE were within the range of

moderate intensity exercise according to the guidelines

of the ACSM (Pescatello, 2014). There was no difference

between conditions in HR (t(32) = 0.15, P= 0.88), on
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the other hand, RPE was lower in

the Music condition than in the

Metro condition (t(32) = 2.29,

P< 0.05).

Psychological mood states

(vitality, stability, arousal, and

pleasure) measured by the TDMS

are shown in Fig. 3. A repeated

measures two-way ANOVA with

experimental condition (Metro/

Music) and time (pre/post)

revealed a significant interaction

for vitality levels (F(1, 32) = 4.34,

P< 0.05). A post hoc comparison

via Bonferroni’s test revealed that

the change in vitality for the Music

condition was greater than that for

the Metro condition (t(32) = 2.08,

P< 0.05). There were no

interactions for stability levels (F
(1, 32) = 0.45, P= 0.51),

pleasure levels (F(1, 32) = 3.93,
P= 0.06), and arousal levels (F(1, 32) = 1.76,

P= 0.19). The main effect of time was significant for

stability levels (F(1, 32) = 14.54, P< 0.01), pleasure

levels (F(1, 32) = 6.95, P< 0.05), and arousal levels (F
(1, 32) = 48.11, P< 0.01). The main effect of condition

was significant for stability levels (F(1, 32) = 4.73,

P< 0.05), but not for pleasure levels (F(1, 32) = 1.38,

P= 0.25) and arousal levels (F(1, 32) = 1.36, P= 0.25).
Behavioral results: Stroop task performance

First, we examined whether the Stroop interference effect

could be observed in this study. RT and ER were

subjected to a repeated measures three-way ANOVA

with task trial (incongruent, neutral), experimental

condition (Metro, Music), and time (pre, post) being

within-subject factors. The ANOVA for RT and ER

revealed significant main effects of task trial (F(1, 32)

= 231.96, P< 0.001 (Fig. 4A) and F(1, 32) = 39.62,

P< 0.001 (Fig. 4B), respectively), which confirmed that

the Stroop effect was generally observed between the

neutral task and the incongruent task in all the sessions

used in this experiment. Next, we examined the

difference between conditions in RT and ER for Stroop

interference (incongruent – neutral) (Fig. 4C). The

repeated measures two-way ANOVA for RT with

condition (Metro, Music) and time (pre/post) exhibited a

significant main effect of time (F (1, 32) = 5.94,

P< 0.05), but no main effect of condition (F (1, 32)

< 0.001, P= 0.99) and no interaction (F (1, 32)

= 2.33, P= 0.14). There was no significant interaction

or main effect for ER.
fNIRS results

First, we sought the cortical regions associated with

Stroop interference effect. Among the four Stroop task

sessions, pre-sessions for the Metro and Music

conditions (pre-Metro and pre-Music) were free from

any effects of exercise and music. There were no
tive Function: A Functional NIRS Study. Neuroscience (2020),
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Fig. 3. Psychological mood changes with exercise. (A) Vitality, (B) Stability, (C) Pleasure (D) Arousal
levels. Vitality levels increased more in the Music condition than in the Metro condition. The results are

represented as box plots where the bottom, middle, and top lines of the box are the 25th, 50th

(median), and 75th percentiles, respectively, and the whiskers above and below the box indicate the

most extreme point within 1.5 times the interquartile range. The points above or below the whiskers

represent outliers.
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significant differences in Stroop interference-related

activation between pre-Metro and pre-Music in all ROIs.

Therefore, we averaged the Stroop interference

contrasts (incongruent – neutral) for these two

conditions for each subject before the group analyses

and performed a ROI-wise analysis. Significant cortical

activations related to Stroop interference was found only

in the l-DLPFC (one-sample t-test, P< 0.05, FDR

collection) (Fig. 5).

Next, we assessed the effect of music on Stroop-

interference-associated cortical activation in the l-

DLPFC (Fig. 6A). The repeated measures two-way

ANOVA with condition (Metro, Music) and time (pre,

post) revealed no interaction (F (1, 32) = 1.10,

P= 0.75), no main effect of condition (F (1, 32) = 1.62,

P= 0.21), and no main effect of time (F (1, 32) = 2.10,

P= 0.16).
Association between change in mood induced by
exercise with music, Stroop task performance, and
cortical activation in the l-DLPFC

Since the positive mood change in the Music condition

was greater than that in the Metro condition, we

checked the relationship between vitality enhanced by

exercise with music and changes in Stroop task
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performance and changes in

cortical activation in the l-DLPFC

by examining differences between

the conditions (Fig. 6B, C).

Pearson correlation analysis

revealed positive correlations

between changes in Dvitality and

changes in DStroop interference

time (r= �0.50, P< 0.01), and

changes in Doxy-Hb signal

(r= 0.35, P< 0.05).

In addition, to examine the

neurobehavioral relationship, we

included the association between

Stroop task performance changes

induced by exercise with music

and cortical activation changes in

the l-DLPFC in our analysis of the

differences between the

conditions (Fig. 6D). Pearson

correlation analysis revealed a

positive correlation between

changes in Doxy-Hb signal in the

l-DLPFC and changes in DStroop
interference time (r= �0.50,

P< 0.01).
DISCUSSION

The present study tested the

hypothesis that exercise with

music, which induces a more

positive affective response, has

the potential to increase the

beneficial effects of exercise on

executive function. Although there
were no significant condition differences in average

improvement in Stroop task performance and cortical

activation in the l-DLPFC, we found significant

associations between a positive mood induced by

exercise with music, improved executive performance

and increased activation in the l-DLPFC. This is the first

study to suggest that exercise-induced positive mood

has an impact not only on future physical activity

(Rhodes and Kates, 2015), but also on the cognitive ben-

efits of exercise.

The TDMS adopted in the present study assessed

transient mood levels in vitality, stability, arousal, and

pleasure. Listening to their favorite genre of music

during exercise successfully elicited greater

enhancement in positive mood in participants compared

to the metronome control. Consistent with a previous

study (Ekkekakis et al., 2008), moderate intensity exer-

cise itself increased arousal levels but not pleasure levels.

Thus, it seems that music mainly affected pleasure levels

and elicited significantly higher vitality levels (high-

arousal, high-pleasure) in the Music condition. Listening

to music also lowered the RPE for moderate-intensity

exercise, consistent with previous works (Szmedra and

Bacharach, 1998; Potteiger et al., 2000; Yamashita

et al., 2006). This may have played a role in increasing
tive Function: A Functional NIRS Study. Neuroscience (2020),
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Fig. 4. Stroop task performance. (A, B) Comparison of response time (RT) and error rate (ER) between incongruent and neutral conditions. Slower

RT and higher ER in the incongruent condition exhibited significant Stroop interference effects. (C) Stroop interference time (RT for incongruent -

neutral trials) for each condition. The repeated measures two-way ANOVA exhibited a significant main effect of time, but no interaction. The results

are represented as box plots where the bottom, middle, and top lines of the box are the 25th, 50th(median), and 75th percentiles, respectively, and

the whiskers above and below the box indicate the most extreme point within 1.5 times the interquartile range. The points above or below the

whiskers represent outliers.
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vitality levels by drawing attention externally and decreas-

ing the internal fatigue-related displeasure mood.

From the Stroop task performance showing a longer

RT and higher ER in the incongruent trials than in the

neutral trials, we verified that the Stroop effect could be

stably observed across all Stroop task sessions. After

confirming this, we examined the effects of exercise with

music on Stroop interference time and found a

significant main effect of time which suggests exercise

effects regardless of the music condition. However, in

contrast to our hypothesis, we found no significant

condition-time interaction. Nonetheless, it warrants

noting that listening to music influenced executive

performance positively: the effect size was greater in the
Please cite this article in press as: Suwabe K et al. Positive Mood while Exercising Influences Beneficial Effects of
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Music condition (Cohen’s d= 0.46) than in the Metro

condition (Cohen’s d= 0.03).

Subsequently, we sought a neural substrate for the

Stroop interference effect in the prefrontal cortex.

Significant cortical activation in response to Stroop

interference was found in the l-DLPFC. This observation

is similar to our previous findings (Yanagisawa et al.,

2010) and consistent with previous neuroimaging

research using fMRI and PET reporting that Stroop inter-

ference is consistently associated in particular with the

lateral part of the PFC (MacDonald et al., 2000; Milham

et al., 2003). After confirming a reliable neural substrate

for the Stroop interference effect, we examined the effects

of exercise with music on cortical activation in the
Exercise with Music on Prefrontal Executive Function: A Functional NIRS Study. Neuroscience (2020),
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Fig. 5. Cortical activation patterns during the Stroop task in the pre-sessions for the Metro and Music conditions (average of pre-Metro and pre-

Music sessions). Orange and blue lines show timelines for oxygenated hemoglobin signal during the neutral and incongruent tasks, respectively.

Significant Stroop interference effect was observed in the left dorsolateral prefrontal cortex (l-DLPFC).
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l-DLPFC and found no significant difference between con-

ditions, and no main effect of time. Yanagisawa et al.

(2010) reported that ten minutes of moderate-intensity

exercise increases l-DLPFC activity compared to a rest-

ing control condition. In the present study, on the other

hand, we set two experimental conditions: ten minutes

of moderate-intensity exercise with and without music

(no resting control condition). Thus, it is difficult to justify

that the DLPFC was activated after exercise equivalent

to the previous study (Yanagisawa et al., 2010), however,

the effect size of exercise in both experiments had a small

range (Yanagisawa et al: Cohen’s d= 0.45; present

study: Cohen’s d= 0.25).

One of the reasons for the lack of differences between

conditions in either Stroop task performance or task-

related cortical activation in the DLPFC might be

widespread individual differences in affective response

to exercise with music. We thus investigated the

relationship between exercise-induced changes in

positive mood, Stroop-task-based executive

performance and cortical activation in the DLPFC. The

results showed that increased positive mood was

correlated with shortened Stroop interference time and

increased activation in the l-DLPFC. In addition, we

revealed increased brain activation associated with
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shortened Stroop interference time. These relationships

suggest that a positive mood influences exercise

benefits to executive performance via DLPFC activation.

This suggestion is supported by previous studies

demonstrating that pleasant stimuli such as emotionally

positive pictures, music, and videos increase task-

related activation in the DLPFC (Perlstein et al., 2002;

Dolcos et al., 2004; Herrington et al., 2005) and improve

cognitive performance including attention (Braun-LaTour

et al., 2007; Baldwin and Lewis, 2017).

Although the neurobiological mechanisms underlying

the association between a positive mood induced by

exercise with music and prefrontal executive function

remain largely unclear, brain dopamine (DA) may play a

pivotal role (Ashby et al., 1999). Dopaminergic neurons

originating in the ventral tegmental area (VTA; A10) of

the midbrain project not only to emotion- and reward-

related brain areas such as the amygdala and the nucleus

accumbens, but also to cognition-related areas such as

the PFC and the hippocampus (mesocorticolimbic DA

system). This system is thought to be involved in both

emotional and cognitive processing. While there is no evi-

dence for the effects of exercise combined with music, the

mesocorticolimbic DA system is potentially stimulated in

response to moderate exercise (Goekint et al., 2012)
Exercise with Music on Prefrontal Executive Function: A Functional NIRS Study. Neuroscience (2020),

https://doi.org/10.1016/j.neuroscience.2020.06.007


Fig. 6. (A) Cortical activation representing Stroop effects in the left dorsolateral prefrontal cortex (l-DLPFC). (B–D) The association between

Dvitality, DStroop interference time, and Dl-DLPFC activation (Music-Metro).
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and listening to music (Salimpoor et al., 2013),

respectively.

This study has several limitations. First, in the present

experimental design, the effect of music alone could not

be separated from the effect of exercise combined with

music. An additional experimental condition with

listening to music without exercise is required to assess

distinct contributions of music itself to executive

function. Second, in the music selection process of this

study, each participant listening to different music

tracks. Thus, the music characteristics required to

optimize the effects on cognition are unknown. Finally,

potential factors affecting psychological and cognitive

responses to acute exercise, such as degree of

depression, lifestyle habits including daily physical

activity levels and smoking habits, music and/or dance

experience, beat perception ability, etc., are not

determined. Further studies with a larger population are

needed to evaluate this point.

In conclusion, the present study demonstrates that a

positive mood while exercising influences the beneficial

effects of a single bout of moderate exercise with music
Please cite this article in press as: Suwabe K et al. Positive Mood while Exercising Influences Beneficial Effects of
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on prefrontal activation and executive performance

using fNIRS. These results suggest that affective

response to exercise is one influencer of rapid

enhancement in prefrontal executive function with acute

exercise. This evidence emphasizes the importance of

exercise environment, which can induce a positive

affective response (enriched exercise) in terms of

potentiating exercise benefits to cognitive function,

which, in turn, results in improving adherence to regular

physical exercise.
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