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A B S T R A C T

Although growing attention has been drawn to attainable, high-intensity intermittent exercise (HIE)-based
intervention, which can improve cardiovascular and metabolic health, for sedentary individuals, there is limited
information on the impact and potential benefit of an easily attainable HIE intervention for cognitive health. We
aimed to reveal how acute HIE affects executive function focusing on underlying neural substrates. To address this
issue, we examined the effects of acute HIE on executive function using the color-word matching Stroop task
(CWST), which produces a cognitive conflict in the decision-making process, and its neural substrate using
functional near infrared spectroscopy (fNIRS). Twenty-five sedentary young adults (mean age: 21.0 ± 1.6 years; 9
females) participated in two counter-balanced sessions: HIE and resting control. The HIE session consisted of two
minutes of warm-up exercise (50 W load at 60 rpm) and eight sets of 30 s of cycling exercise at 60% of maximal
aerobic power (mean: 127 W ± 29.5 load at 100 rpm) followed by 30 s of rest on a recumbent-ergometer. Par-
ticipants performed a CWST before and after the 10-minute exercise session, during both of which cortical he-
modynamic changes in the prefrontal cortex were monitored using fNIRS. Acute HIE led to improved Stroop
performance reflected by a shortening of the response time related to Stroop interference. It also evoked cortical
activation related to Stroop interference on the left-dorsal-lateral prefrontal cortex (DLPFC), which corresponded
significantly with improved executive performance. These results provide the first empirical evidence using a
neuroimaging method, to our knowledge, that acute HIE improves executive function, probably mediated by
increased activation of the task-related area of the prefrontal cortex including the left-DLPFC.
Introduction

Evidence showing that regular exercise has beneficial effects on
improving cognitive function as well as preventing age-related cognitive
decline and the early onset of neurodegenerative disease is accumulating
(Cotman and Berchtold, 2002; Hillman et al., 2008; Lautenschlager et al.,
2008; Rovio et al., 2005; Verghese et al., 2003). Despite these beneficial
effects of exercise on cognitive health throughout life, a large number of
people in contemporary society continue to maintain sedentary lifestyles
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due to several barriers such as ‘lack of time’ or a perception of exercise
not being ‘fun’(Stutts, 2002; Trost et al., 2002).

Recently, there has been increasing attention given to a high-intensity
intermittent exercise (HIE)-based regime characterized by repeated ses-
sions of brief, intermittent, intensive exercise separated by short phases
of recovery. This interest is probably because recent studies have
demonstrated that HIE-based interventions can be effective not only in
improving motor memory consolidation and executive functions
including selective attention and attention shift (Alves et al., 2014;
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Lundbye-Jensen et al., 2017; Tsukamoto et al., 2016a, 2016b; Venckunas
et al., 2016), but also in improving cardiovascular adaptations by stim-
ulating physiological remodeling in skeletal muscle comparable to that of
moderate-intensity endurance training in healthy young adults (Gibala
et al., 2012; Helgerud et al., 2007; Little et al., 2011b; Nytrøen et al.,
2012). From a practical perspective, HIE-based programs may enhance
adherence to a regular exercise program because it is perceived to be
more enjoyable than moderate-intensity endurance training (Bartlett
et al., 2011; Lambrick et al., 2016). However, this positive impact can be
clinically limited since most HIE protocols require a maximal effort and a
high-level of motivation to properly perform the exercise. In addition, it
may not be safe for sedentary individuals, who have a higher risk of an
early onset of neurodegenerative disease later in life (Lautenschlager
et al., 2008; Ross et al., 2016).

Considering feasibility and safety for physically inactive populations,
Gibala and his colleagues suggested a transferable HIE protocol by
adopting a relatively intense exercise, which is achievable even by people
with a low level of fitness when it was given intermittently (Hood et al.,
2011; Little et al., 2010, 2011a). Intriguingly, exercise interventions with
these transferable HIE protocols have positive and obvious effects on
cardiovascular and metabolic adaptations among healthy and diseased
populations (Gillen et al., 2012, 2013; Hood et al., 2011; Little et al.,
2010, 2011a). Therefore, it could be postulated that a transferable HIE
could have beneficial effects on cognitive function similar to the benefits
of physical adaptations; however, there is only limited information
available on the impact and potential benefits of a transferable HIE that is
attainable by sedentary young and elderly adults, including diseased
populations, on brain and cognitive function.

To examine the effects of an HIE-regime accessible by sedentary
people on cognitive function, we created an acute, transferable HIE
model consisting of two minutes of warm-up exercise and eight sets of
30 s of cycling exercise at 60% of maximal aerobic power (MAP) followed
by 30 s of rest on a recumbent-ergometer based on Gibala's protocols
(Hood et al., 2011; Little et al., 2010, 2011a) to set total experimental
duration and actual exercise time as ten and six minutes, respectively. We
have previously demonstrated that ten minutes of mild- or moderate-
Fig. 1. (A) Experimental protocol consisting of HIE and control (Con) sessions. Using functiona
participants performed the color-word matching Stroop task (CWST). (B) Illustration of the ac
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intensity exercise can improve executive cognitive performance by
increasing task-related prefrontal activation both in young and older
adults (Byun et al., 2014; Hyodo et al., 2012; Yanagisawa et al., 2010). By
adopting the color-word matching Stroop task that is widely used to
measure executive brain function localized in the lateral prefrontal cortex
(MacDonald, 2000; MacLeod, 1991; Stroop, 1935; Zysset et al., 2001)
and a multi-channel functional near-infrared spectroscopy method which
allows the monitoring of cortical hemodynamic changes in an exercise
setting, it is possible to explore the hypothesis that an acute bout of HIE
facilitates executive information processing related to selective attention
and inhibitory control and that this might be related to changes of
cortical activation in the prefrontal cortex, which plays a critical role in
the implementation of cognitive control.

Materials and methods

Participants

Twenty-five right-handed sedentary young adults (mean age
21.0 ± 1.6 yrs.; 9 females), who had not committed to regular exercise in
the previous six months participated in the current experiment. All par-
ticipants were healthy college students without any history of neuro-
logical or psychiatric disorders. They had normal or corrected-to-normal
vision with normal color vision. They were all Japanese native speakers
and naïve to the experimental procedures for which they had vol-
unteered. Characteristics of participants in the present study are listed in
Supplementary Table 1. Written consent was obtained from all partici-
pants. Ethical clearance for the study was obtained from the Institutional
Ethics Committee of the University of Tsukuba. The current study con-
formed to the ethical requirements of the latest version of the Helsinki
Declaration.

Experimental protocol

Participants visited the laboratory three times. During their first visit,
they performed a maximal oxygen consumption (V̇O2peak) test on an
l near-infrared spectroscopy (fNIRS), cortical hemodynamic changes were measured while
ute HIE protocol. Key: TDMS, two-dimensional mood scale.
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electromagnetically braked recumbent ergometer (Strength-ergo 240,
Mitsubishi Electric Corporation, Tokyo, Japan) using a gas analyzer
(Aeromonitor AE310s, Minato Medical Science, Osaka, Japan) to deter-
mine their individual MAP output. We adopted a ramp protocol to
voluntary exhaustion. Participants began cycling for 2 min at 30 W,
followed by a gradual increase in power demanded at the rate of 20 W
(15 W for female participants) per minute.

The main experiment consisted of two trial sessions, control (Con)
and high-intensity intermittent exercise (HIE) separated by at least one
week. Each trial was conducted in a randomized, counterbalanced
manner, with half of participants starting with the HIE session (Fig. 1A).
To examine the effects of acute HIE on executive function, we modified
Gibala's group's HIE protocol (Hood et al., 2011; Little et al., 2011a). The
current HIE protocol consists of eight repetitions of 30 s of ergometer
exercise at 60% of MAP at 100 rpm and 30 s resting after two minutes of
warm-up (50 W) at 60 rpm (Fig. 1B).

Participants performed the color-word matching Stroop task before
and 15 min after exercise bouts to avoid influences of the acute HIE-
induced non-cortical physiological responses, such as skin blood flow,
on the fNIRS measurement (Supplementary Fig. S1). During the HIE
session, participants performed 10 min of HIE exercise bouts. In the Con
session, they rested instead of performing exercise. Participants were
instructed to avoid any vigorous exercise for 48 h and consumption of
caffeine and alcohol for at least 24 h before the trails.
Behavioral measurements

We adopted the color-word matching Stroop test (CWST) in an event-
related design (Byun et al., 2014; Schroeter et al., 2003, 2002; Yanagi-
sawa et al., 2010). The CWST consisted of 30 trials, including 10 neutral,
10 congruent and 10 incongruent, presented in random order (Fig. 2).
For neutral trials, the upper row consisted of groups of X's (XXXX) printed
in red, green, blue, or yellow, and the lower row contained the words
‘RED’, ‘GREEN’, ‘BLUE’, or ‘YELLOW’ printed in black. For congruent
trials, the upper row contained the words ‘RED’, ‘GREEN’, ‘BLUE’, or
‘YELLOW’ printed in the congruent color (e.g., RED was printed in red)
and the lower row contained color words printed in black. For incon-
gruent trials, the color word in the upper row was printed in an incon-
gruent color (e.g., GREEN was printed in yellow) to produce cognitive
interference between the color word and the color name. To achieve
sequential visual attention, the lower row was presented 100 ms later
than the upper row. Each trial was separately presented with an inter-
stimulus interval showing a fixation cross for 9�13 s to avoid predic-
tion of the timing of the subsequent trial (Byun et al., 2014; Hyodo et al.,
2012). The stimulus remained on the screen until the response was given,
or for 2 s.

We instructed participants to decide whether the color of the upper
word (or letters) corresponded to the color name of the lower word by
pressing buttons to give “yes” or “no” responses with their forefingers
when both words were presented on a computer screen. The left-right
order of the two buttons was counter-balanced across subjects. The
correct-answer ratio assigned to yes and no was 50%. All words were
written in Japanese. All participants underwent three practice sessions
Fig. 2. The color-word matching Stroop task. Examples of single trials for the neutral,
congruent, and incongruent conditions are illustrated. The presented letters were written
in Japanese. Translation into English is denoted in parentheses.
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prior to the experiment. We recorded response time (RT) and error rate
(ER) in the present study. We adopted ‘Stroop interference’, a specifically
defined cognitive process, to elucidate the effect of an acute bout of HIE
on executive function. Therefore, the (incongruent – neutral) contrast,
which is assumed to represent Stroop interference, was calculated.

fNIRS measurements

We used a multichannel fNIRS optical topography system (ETG-7000,
Hitachi Medical Corporation, Japan) applying two wavelengths of near-
infrared light (785 and 830 nm) to monitor cortical hemodynamic
changes in the prefrontal cortex during the CWST. We applied the fNIRS
probes using two sets of 4 � 4 multichannel probe holders to cover the
lateral prefrontal activation foci as previous studies have shown (Byun
et al., 2014; Hyodo et al., 2012; Yanagisawa et al., 2010). The probe
holders consisted of 8 illuminative and 8 detective probes arranged
alternatively at an inter-probe distance of 3 cm, resulting in 24 channels
(Ch) per set. We placed the left probe holder such that probe 5 (between
Ch 4 and Ch 8) was placed over FT7, with the medial edge of the probe
column parallel to the medial line. Likewise, we placed the right probe
holder symmetrically.

Then, we employed virtual registration (Tsuzuki et al., 2007) to
register fNIRS data to Montreal Neurological Institute (MNI) standard
brain space (Brett et al., 2002; Tsuzuki et al., 2014). Briefly, this method
allows us to place a virtual probe holder on the scalp by stimulating the
holder's deformation and by registering probes and channels onto
reference brains in our MRI database (Okamoto et al., 2004; Okamoto
and Dan, 2005). We performed a statistical analysis of the MNI coordi-
nate values for the fNIRS channels to obtain the most likely estimate of
the location of given channels for the group of subjects, and the spatial
variability associated with the estimation (Singh et al., 2005). Finally, we
anatomically labeled the estimated locations using a MATLAB function
that reads anatomical labeling information coded in a macro-anatomical
brain atlas (Shattuck et al., 2008).

fNIRS data analysis

The optical data from fNIRS was analyzed based on the modified
Beer-Lambert law (Cope et al., 1988) as previously described (Maki et al.,
1995). This method allowed us to calculate signals reflecting the
oxygenated hemoglobin (oxy-Hb), deoxygenated hemoglobin (deox-
y-Hb), and total hemoglobin concentration changes, calculated in units of
millimolar-millimeter (mM⋅mm) (Maki et al., 1995). We set the sampling
rate at 10 Hz and analyzed the oxy-Hb and deoxy-Hb signals.

We preprocessed individual timeline data for the oxy- and deoxy-Hb
signal of each channel using the band filter with a cut-off frequency of
0.04 Hz to remove baseline drift and 0.3 Hz to filter out heartbeat pul-
sations. We obtained channel-wise and subject-wise contrasts from the
preprocessed time-series data by calculating the inter-trial mean of dif-
ferences between the oxy- and deoxy-Hb signals of peak (4–11 s after the
onset of trial) and baseline (0–2 s before the onset of trial) periods. The
contrasts obtained were subjected to a second level of random effects
group analysis.

We have several notes on the statistical procedures for fNIRS data.
First, we combined 3 or 4 neighboring channels to create each ROI based
on LBPA40, which is a widely-used method among anatomical labeling
systems (Shattuck et al., 2008), because optical properties of neighboring
channels are known to be similar (Katagiri et al., 2010). The ROIs in the
present study included the left dorsolateral 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 dorso-
lateral PFC (r-DLPFC; channels 35, 36, 39, and 40), the right ventrolateral
PFC (r-VLPFC; channels 26, 29, and 33), and the right frontopolar area
(r-FPA; channels 25, 28, and 32) (Supplementary Fig. S2). However,
setting ROIs as a factor in ANOVA should be avoided because optical
properties in different ROIs are known to vary systematically, causing
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systematic bias in the statistical analyses. Thus, we limited the current
statistical analyses to ROI-wise and the Bonferroni method was adopted
for controlling family-wise errors.
Psychological measurement

We adopted the Two-Dimensional Mood Scale (TDMS) to efficiently
measure changes of psychological mood states (e.g., pleasure and
arousal) (Sakairi et al., 2013). The TDMS was developed as a psycho-
metric scale using eight mood-expressing items (e.g., energetic, lively,
lethargic, listless, relaxed, calm, irritated, and nervous). Participants
were asked to rate their present psychological state before each Stroop
task as well as immediately after the HIE bout or ten minutes of resting on
an ergometer (Fig. 1A) using a six-point Likert scale ranging from
0 ¼ “Not at all” to 5 ¼ “Extremely.” The TDMS scores provided pleasure
and arousal levels for each participant.
Fig. 3. Stroop task performance. (A) Comparison of reaction time (RT) and (B) error rate
between the neutral and incongruent tasks. (C) Difference in RTs between incongruent and
neutral tasks indicating Stroop interference for HIE and Con conditions. All data are
mean ± standard error. *p < 0.05; Bonferroni-multiple comparisons, ***p < 0.001.
Statistical analysis

RT and ER were subjected to repeated-measures three-way ANOVA
with task (incongruent/neutral), condition (Con/HIE), and session (pre/
post) as within-subject factors to examine whether the general tendencies
for the Stroop task could be reproduced in all conditions. Then, we
investigated the cortical regions in response to Stroop interference during
the pre-sessions of both the Con and HIE conditions, which were free
from any effects of exercise or rest periods. The (incongruent – neutral)
contrasts for the two conditions were averaged and served as substrates
for a ROI-wise analysis with the Bonferroni method (critical p¼ 0.0083).
The [incongruent – neutral] contrast for RT and oxy-Hb changes in all
ROIs were subjected to repeated-measures ANOVA with condition (Con/
HIE) and session (pre/post) being within-subject factors.

After the normality test for the average values of pleasure and arousal
levels in each condition using the Shapio-Wilk test, we examined HIE-
induced mood changes. Changes of mood states with levels of arousal
and pleasure for each time point were subjected to repeated-measures
ANOVA with condition (Con/HIE) and session (pre/post 0/post 15) as
factors. When ANOVA exhibited a significant interaction between con-
dition and session factors and a main effect, Bonferroni post-hoc
correction was used.

We examined the relation between HIE-affected behavioral benefit
and HIE-elicited cortical activation or HIE-increased arousal response in
a binominal manner as did our previous studies (Byun et al., 2014; Hyodo
et al., 2012; Yanagisawa et al., 2010). Specifically, the following contrast,
{[(incongruent – neutral) of post-session] – [(incongruent – neutral) of
pre-session] in HIE condition} – {[(incongruent – neutral) of post-
session] – [(incongruent – neutral) of pre-session] in Con condition},
was calculated for each variable, and both values were subjected to the
McNemar test, which is a robust nonparametric procedure and used to
examine the correspondence between two incidences (Siegel and
Castellan, 1988). All data are presented as mean ± SE. Statistical signif-
icance was set a priori at p < 0.05 for all comparisons.

Results

Physiological aspects of HIE

We monitored heart rate (HR) and rate of perceived exertion (RPE)
every minute during exercise to investigate physiological characteristics
of the acute HIE bouts. The mean ± standard deviation of HR and RPE
during the HIE sessions were 138.68 ± 12.6 beats per min (78.3 ± 11.4%
of HR max) and 12.5 ± 1.9 points, respectively (Supplementary Fig. S3).
The overall intensity of all HIE sessions has been described as vigorous
just above moderate according to the classification of the ACSM guide-
line (Garber et al., 2011).
120
Behavioral results

The ANOVA for RT and ER demonstrated significant main effects of
task (F(1, 24) ¼ 69.1, p < 0.001 (Fig. 3A) and F(1, 24) ¼ 38.1, p < 0.001
(Fig. 3B), respectively), which confirmed that Stroop interference could
be generally observed between the neutral task and the incongruent task.
There was a significant interaction between condition (HIE/Con) and
session (Pre/Post) factors when we performed the ANOVA for Stroop
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interference with RT (F(1, 24) ¼ 10.67, p ¼ 0.003, Fig. 3C). Although
there was no statistical difference for Stroop interference in the pre-
sessions between the Con and HIE conditions (F(1, 24) ¼ 2.78,
p ¼ 0.11), there was significantly decreased Stroop interference in the
HIE condition (F(1, 24) ¼ 10.07, p ¼ 0.004). However, there was no
significant interaction or main effect for error rate.

fNIRS results

There were no significant differences between pre-sessions for the
Con and HIE conditions in all ROIs (p < 0.05). Cortical hemodynamic
changes of oxy-Hb associated with Stroop interference were significant in
all ROIs (one-sample t-test, p < 0.05, Bonferroni-corrected). Cortical
activation patterns in response to the neutral task and the incongruent
task with each ROI's time line of oxy-Hb are denoted in Fig. 4. However,
there was no statistical significance for deoxy-Hb changes in response to
Stroop interference.

The ANOVAs for the six ROIs revealed that there was a significant
interaction between the condition (Con/HIE) and session (Pre/Post)
factors in the l-DLPFC (F(1, 24) ¼ 8.66, p ¼ 0.007, Bonferroni-corrected,
Fig. 5A) and a main effect of condition in the l-DLPFC (F(1, 24) ¼ 11.86,
p ¼ 0.0021). Oxy-Hb hemodynamic changes related to Stroop interfer-
ence in the l-DLPFC were significantly greater in the HIE condition than
in the Con condition (F(1, 24) ¼ 9.49, p ¼ 0.005, Fig. 5B), while there
was no significant difference between pre-sessions (Con/HIE) in the l-
DLPFC (F(1, 24) ¼ 0.13, p ¼ 0.72). Oxy-Hb hemodynamic changes
related to Stroop interference in all ROIs for HIE and Con conditions are
summarized in the Supplementary Table 2. However, significant inter-
action and main effect were not detected for deoxy-Hb.

To reveal the relation between exercise-elicited increase of cortical
activation in the l-DLPFC and HIE-induced reduced Stroop-interference
Fig. 4. Cortical activation patterns during the color-word matching Stroop task. The six graphs
task (blue) and the incongruent task (red) in the prefrontal cortex. Each timeline is adjusted to
shown in arbitrary units (mM⋅mm). The peak period of cortical activation for oxy-Hb (4–11 s af
error at a given time point. The middle figure is a t-map of oxy-Hb signal changes reflecting th
color bar.

121
RT and exercise-induced arousal level, we adopted the McNemar test,
which is a robust nonparametric statistical procedure and allows us to
assess the correspondence between two incidences (Siegel and Castellan,
1998). The contingency table (Table 1) shows that the coincidence fre-
quency for the l-DLPFC was significant (x2mc (1, 24) ¼ 6.72, p < 0.05).

HIE-induced mood states

Levels of arousal and pleasure were calculated from TDMS scores
(Sakairi et al., 2013). After the Shapio-Wilk test, we confirmed that the
sample comes from a population which has a normal distribution (all
p-values for arousal and pleasure level in both conditions were over
0.05). Only the ANOVA for arousal level exhibited a significant interac-
tion between condition and session factors (F(2, 96) ¼ 25.04, p < 0.001)
and main effects for condition (F(1, 48) ¼ 18.66, p < 0.001) and session
(F(1, 48) ¼ 14.12, p < 0.001). Arousal levels of pre-sessions for Con and
HIE did not differ significantly (F(1, 24) ¼ 0.01, p ¼ 0.92). Level of
arousal significantly decreased after ten minutes of resting on an
ergometer (F(1, 24) ¼ 8.06, p ¼ 0.009) and before the second CWST test
(F(1, 24) ¼ 9.89, p ¼ 0.004) in the Con condition. Level of arousal
significantly increased immediately after HIE bout (F(1, 24) ¼ 28.36,
p < 0.0001), but it significantly decreased (F(1, 24) ¼ 47.20, p < 0.0001)
before the CWST.

To examine the relation between HIE-induced arousal and cortical
activation, we adopted the McNemar test. The coincidence frequency for
HIE-enhanced activation in the l-DLPFC and exercise-induced arousal
level was significant. (x2mc (1, 24) ¼ 11.45, p < 0.05, Table 1), but there
was no correlation between HIE-induced arousal change and behavioral
improvement. Levels of arousal and pleasure at each time point both in
Con and HIE conditions are shown in Supplementary Fig. 4.
depict the timelines for oxygenated hemoglobin (oxy-Hb) signals in response to the neutral
the average value of the baseline period (2 s before task onset). Oxy-Hb signal changes are
ter task onset) and baseline period are shown for all six ROIs. Error bars indicate standard
e Stroop interference effect (incongruent – neutral). T-values are shown according to the



Fig. 5. Cortical loci of HIE-enhanced activation related to Stroop-interference effect. (A) F-map of oxygenated hemoglobin (oxy-Hb) signal changes reflecting Stroop-interference effect.
Significant interaction between session (pre/post) and condition (HIE/Con) can be seen in the left-dorsolateral cortex (l-DLPFC) (p < 0.05, Bonferroni-corrected) among the six regions of
interest. F-value is denoted according to the color bar. (B) Individual Stroop-interference-related oxy-Hb changes in the l-DLFPC are shown. Oxy-Hb signal in response to Stroop inter-
ference significantly increased only after HIE (p < 0.05, Bonferroni-adjusted). Timelines of oxy- and deoxy-Hb changes in response to Stroop-interference-effect in the l-DLPFC in pre- (C)
and post- (D) sessions in HIE condition. Error bars indicate standard error.

Table 1
Contingency tables for McNemar test.

Oxy-Hb response
in left –DLPFC

Total- þ

Reaction time
- 5 15 20
þ 3 2 5

Total 8 17 25

Arousal
þ 4 19 23
- 1 1 2

Total 5 20 25

The current contingency table demonstrates two relations. The upper half of the table
shows the association between Stroop performance and neural activation in the left-DLPFC,
and the bottom row shows the relation between HIE-induced arousal and neural activation
in the left-DLPFC. Frequencies of HIE-induced Stroop-interference-related oxy-Hb increase
in the left DLPFC and shortening of Stroop-interference-related reaction time (upper half)
or HIE-induced arousal level (bottom half) are summarized.
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Discussion

The present study investigated whether an acute bout of HIE for
sedentary healthy young adults would facilitate executive information
processing related to selective attention and inhibitory control, as pre-
viously demonstrated, by the shortening of Stroop-interference reaction
time mediated by increasing task-related cortical activation in the pre-
frontal cortex using a fNIRS neuroimaging method. Our results suggest
that HIE is a time-efficient alternative exercise regime, which could
improve executive performance by enhancing cortical activation in the l-
DLFPC to inhibit cognitive conflict in the Stroop paradigm. To our
122
knowledge, this is the first empirical evidence showing that an acute bout
of HIE has a beneficial effect on executive brain function in association
with dorsolateral prefrontal activation in young adults.

To date, various versions of high-intensity intermittent (or high-
intensity interval) exercise protocols have been designed targeting ath-
letes to improve endurance capacity in a relatively short time. In the
present study, we established an acute HIE model consisting of two mi-
nutes of warming up and eight sets of 30 s of cycling exercise and 30 s of
resting in a recumbent ergometer, a regime that is achievable by
sedentary young adults. Our transferable HIEmodel elicits slightly higher
physiological HR response, which is just above those produced with ten
minutes of moderate intensity exercise in our previous study (Yanagi-
sawa et al., 2010). In addition, we confirmed that the current acute
HIE-induced non-hemodynamic changes, such as skin blood flow, that
could affect fNIRS measurement as physiological noise faded within
15 min after exercise. Thus, the current HIE model is applicable to
healthy young adults and appropriate in testing the effects of acute HIE
on cognition and its neural mechanism.

Behavioral benefit after an acute bout of high-intensity intermittent exercise

Adopting the above acute HIE model and a reliable executive cogni-
tive task, we examined whether the acute HIE effectively shortened
Stroop-interference-related reaction time, which is claimed by many to
be one of the indicators of executive performance in healthy young
adults. As previously demonstrated in our studies (Byun et al., 2014;
Hyodo et al., 2012; Yanagisawa et al., 2010), significant improvement in
inhibiting cognitive conflict induced by the Stroop-interference effect
occurred 15 min after an acute bout of HIE. These results are consistent
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those of previous studies revealing that high-intensity interval exercise
could improve executive performance and that such improvement is
sustained for 30 min (Tsukamoto et al., 2016a, 2016b). While exercise
time during acute HIE (six minutes including two minutes of warming-
up) is much shorter than that of acute low- or moderate-intensity exer-
cise (ten minutes), there was a moderate effect (Cohen's d ¼ 0.5) in the
HIE condition of the present study, and this effect was similar to effect
sizes in the low-intensity (Cohen's d ¼ 0.5; Byun et al., 2014) and
moderate-intensity (Cohen's d ¼ 0.7; Yanagisawa et al., 2010) exercise
conditions of previous experiments (Baguley, 2009; Cohen, 1977).
Therefore, our results suggest that the current acute HIE is applicable as a
time-efficient exercise regime with a similar beneficial impact on exec-
utive function in young adults as low- and moderate-intensity exercise.

HIE-enhanced cortical activation in the left-DLPFC

To examine the underlying neural mechanism, we monitored changes
of oxy-hemodynamic response focusing on the Stroop-interference effect
using an event-related fNIRS neuroimaging method. First, we reproduc-
ibly detected significant increase in oxy-Hb signal changes in response to
Stroop-interference in the bilateral DLPFC, VLPFC, and FPA in pre-
sessions of the HIE and Con conditions. This neural basis for Stroop
interference is generally consistent with various previous neuroimaging
studies adopting fMRI or PET imaging methods, which have demon-
strated that the bilateral LPFC in conjunction with anterior cingulate
cortex (ACC) are important brain regions for monitoring and processing
cognitive conflict in a Stroop paradigm (Banich et al., 2000, 2001; Mead
et al., 2002; Milham et al., 2003, 2001; Zysset et al., 2001). Moreover,
cortical activation in the bilateral DLPFC, which plays a critical role in
the implementation of cognitive control (MacDonald, 2000; MacLeod
and MacDonald, 2000), seems to be dominant in the present study. As we
confirmed that the Stroop-related executive performance in the present
study was related to oxy-Hb signal changes in the lateral prefrontal
cortex, we postulated that the behavioral benefits from an acute bout of
exercise would be due to increased task-related cortical activation in the
lateral prefrontal cortex.

After confirming a reliable neural substrate for the Stroop-
interference effect, we revealed that Stroop-interference-related
cortical activation in the left-DLPFC was significantly increased only
after the HIE session, and this coincided with improved executive per-
formance as has been the case with acute low- and moderate-intensity
exercise in young adults (Byun et al., 2014; Yanagisawa et al., 2010).
Although additional neural recruitment in the left-FPA seems necessary
to enhance Stroop performance after acute mild exercise (Byun et al.,
2014), increased cortical activation in the l-DLFPC is commonly observed
(Byun et al., 2014; Yanagisawa et al., 2010). As shown in numerous
neuroimaging studies, the DLPFC has a pivotal role in the implementa-
tion of cognitive control with executive functions during various cogni-
tive tasks (Boschin et al., 2017; Lagu€e-Beauvais et al., 2013; MacDonald,
2000; Perlstein et al., 2002; Vanderhasselt et al., 2006) and is related to
age-related executive dysfunction. In addition, a recent study supports
the significance of exercise-induced l-DLFPC activation because higher
left-lateralized cortical activation in the DLPFC in older adults is bene-
ficial in helping them maintain improved executive performance (Hyodo
et al., 2016), while an acute moderate-intensity exercise improves ex-
ecutive performance by recruiting compensatory neural activation in the
r-FPA (Hyodo et al., 2012). Taken together with our previous results, it
could be concluded that an acute bout of HIE in young adults leads to
increased cortical activation in the l-DLFPC to facilitate executive infor-
mation processing.

Neurobiological mechanism behind executive performance improved with
acute HIE

Many scientists have been interested in the interaction between acute
exercise and cognition, and seem to have agreed that acute exercise
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evokes physio-psychological arousal responses, which temporarily affect
cognitive processes (McMorris, 2016a). From a neuroscientific perspec-
tive, interactions between acute exercise and cognition could be
explained by exercise-elicited neuromodulations affecting a specific
neural network involved in specific cognitive information processing
(Dietrich and Audiffren, 2011; Lambourne and Tomporowski, 2010;
McMorris et al., 2016). For instance, it has been revealed that acute ex-
ercise triggers the release of various neurotransmitters, such as
noradrenaline, dopamine and/or acetylcholine, depending on exercise
intensity, from various nuclei related to arousal response, having
ascending projections to the prefrontal cortex as well as the hippocam-
pus, both of which are regions that play critical roles in cognitive func-
tion (Arnsten, 2011; Aston-Jones and Cohen, 2005; Dishman, 1997;
Kurosawa et al., 1993; Meeusen et al., 2001). In fact, in the present study,
arousal levels measured using TDMS scales significantly increased
immediately after exercise and exercise-induced cortical activation in the
left-DLPFC coincided with HIE-improved executive performance. Based
on these observations, it can be inferred that HIE-elicited arousal-related
neuromodulation may be related to increased cortical activation in the
prefrontal cortex resulting shortened Stroop-interference-related
response time. However, it is still unknown what neuromodulatory sys-
tems account for HIE-improved cognitive function.

Specifically, the reticular activating system (RAS), a neuronal
network connected with several nuclei in the brainstem responsible for
regulating wakefulness and alertness (Garcia-Rill, 2015), could account
for the HIE-elicited prefrontal neural boost. Numerous studies have
demonstrated that acute exercise stimulates monoamine systems and
increases the releases of neurotransmitters such as noradrenaline (NA)
and dopamine (DA) into several brain regions involved in cognitive
processes (McMorris et al., 2008; Meeusen et al., 2001). If acute HIE
activates the noradrenergic system, HIE-increased NA levels might boost
neural activation in the prefrontal cortex because the noradrenergic
system originating from the locus coeruleus (LC) has vast ascending
projections to parts of the neocortex and hippocampus. This assumption
is supported by several in vivo microdialysis studies reporting that acute
exercise leads to increased NA levels in the LC (Dishman, 1997; Meeusen
et al., 2001) and that NA activates several brain regions including the
DLPFC, ACC, and hippocampus, which are involved in cognitive infor-
mation processes (Arnsten, 2011; Aston-Jones and Cohen, 2005). In
addition to the noradrenergic system, the dopaminergic system, which
originates from the ventral tegmental area (VTA) of the mid brain and has
ascending neural projections to several brain areas such as the prefrontal
cortex, amygdala and hippocampus, plays a pivotal role in motor control,
emotion, decision-making and learning (A. Arnsten, 1998; Bj€orklund and
Dunnett, 2007), and could exert a potent modulatory influence on ex-
ecutive cognitive information processing. In response to acute exercise,
the level of DA and its metabolites are found to increase in the mid-brain,
striatum, prefrontal cortex, and hippocampus (Bailey et al., 1993;
Chaouloff et al., 1987; Goekint et al., 2012; Wang et al., 2000). As the
current results together with previous studies clearly show that acute HIE
has a similar beneficial impact on executive functions and increases of
task-related prefrontal activation, especially in the l-DLPFC (Byun et al.,
2014; Tsukamoto et al., 2016a,b; Yanagisawa et al., 2010), a plausible
neurobiological mechanism is that acute HIE activates monoamine sys-
tems in the RAS and, in turn, boosts prefrontal cortical activation
resulting better executive performance.

Conclusion

The current results demonstrate that an acute bout of HIE improves
executive performance by boosting Stroop-task-relevant cortical activa-
tion in the left-DLPFC in sedentary young adults. Our results reveal the
relevance and practicality of a transferable HIE-based exercise regime
that, in young adults, has beneficial effects on executive function com-
parable to those of moderate-intensity exercise and that could be appli-
cable to people who do not engage in any regular exercise interventions
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due to ‘lack of time’. Therefore, this HIE-based exercise intervention may
provide a time-efficient strategy for improving cognitive function as well
as cardiovascular function for healthy young adults as well as for older
adults who are vulnerable to cognitive decline. Future studies must
examine long-term effects of the current HIE protocol based on inter-
vention focusing on mediating factors to prevent cognitive decline
in aging.
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