
J. Integr. Neurosci. 2022; 21(3): 98
https://doi.org/10.31083/j.jin2103098

Copyright: © 2022 The Author(s). Published by IMR Press.
This is an open access article under the CC BY 4.0 license.

Publisher’s Note: IMR Press stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Original Research

The Immediate and Sustained Effects of Exercise-Induced
Hemodynamic Response on Executive Function During Fine
Motor-Cognitive Tasks Using Functional Near-Infrared Spectroscopy
Soo-Yong Park1, Nadja Schott1,*
1Department of Sport Psychology & Human Movement Performance, Institute of Sport and Movement Sciences, University of Stuttgart, 70569
Stuttgart, Germany
*Correspondence: nadja.schott@inspo.uni-stuttgart.de (Nadja Schott)
Academic Editor: Marco Cavallo
Submitted: 12 January 2022 Revised: 22 February 2022 Accepted: 4 March 2022 Published: 17 May 2022

Abstract

Background: Several studies have shown that acute exercise has a small positive effect on cognitive performance. However, it is still
unclear what type of exercise has a sustained impact on cognitive performance during post-exercise recovery. Therefore, the purpose of
our study was to investigate cognitive performance at the behavioral level, and their neural correlates after a 10-minute post-exercise re-
covery period with two different types of exercise intervention (high-intensity interval exercise (HIIE) vs. Moderate-intensity continuous
exercise (MCE)). Methods: A total of 29 healthy young adults (7 women) between the ages of 19 and 33 with fair to good cardiovas-
cular fitness were submitted to two different exercise protocols and a recovery session. Cognitive function was assessed using a digital
Trail-Making-Test (dTMT). Cortical activity in the prefrontal and the motor cortex using functional near-infrared spectroscopy (fNIRS)
was measured before, after acute exercise, and during recovery. The statistical analysis of fNIRS data was performed by comparing the
slope and mean of the hemodynamic response. Results: High levels of hemodynamic responses were observed in the prefrontal and
motor cortex on the brain during performing the dTMT while walking from pre- to post-exercise and decreased again in post-recovery,
accompanied by improvement and maintenance of cognitive performance. Notably, a high hemodynamic response in the left motor
area of the brain was maintained by HIIE in post-recovery compared with MCE. Conclusions: The high cortical activation in the left
motor area from post-exercise to recovery for the HIIE group may be due to the additional availability of neural resources for fine motor
and postural control by high-intensity exercise-induced fatigue. Additionally, the improved cognitive performance may have effectively
utilized the available neural resources in the frontal lobe, depending on the condition (sitting and walking) and the two types of exercise
protocol (HIIE and MCE).

Keywords: acute exercise; digital Trail-Making-Test; hemodynamic response; high-intensity interval exercise (HIIE); moderate-
intensity continuous exercise (MCE)

1. Introduction

It is well known that chronic (aerobic) exercise in-
duces a positive effect of structural and functional change
in our brain, leading to enhanced cognitive performance
on a behavioral level [1]. Exercise-induced increased cen-
tral circulation of neurotrophic and growth factors such
as brain-derived neurotrophic factor (BDNF), insulin-like
growth factor-1 (IGF-1), and vascular endothelial growth
factor (VEGF) leads to upregulation of neurogenesis,
synaptogenesis, gliogenesis, and angiogenesis [2]. For ex-
ample, structural changes in the brain’s gray matter are
found through processes of neurogenesis and synaptogen-
esis, especially for those repetitively active structures dur-
ing exercise. These are cortical and subcortical motor areas
(primary motor cortex and basal ganglia), prefrontal areas
(dorsolateral, ventrolateral), limbic system (hippocampus),
sensory areas (somatosensory cortex, auditory cortex, vi-
sual cortex, sensorimotor integration areas (parietal lobe),
and other areas responsible for movement control (cerebel-

lum) (see Lotze et al. [3] for an overview). In addition,
angiogenesis may mediate the structural changes in gray
andwhitematter volume through improved cerebrovascular
function and perfusion. This is critical for neuronal growth
and synapse formation, as greater blood supply is essential
for providing adequate nutrients to support neuronal devel-
opment [4]. These changes at the neural level are in turn as-
sociated with improvements, particularly in working mem-
ory performance (but only to a limited extent in inhibition
and cognitive flexibility) in children and adolescents, and
adults [5,6].

Several meta-analyses have concluded that acute ex-
ercise has a small positive effect on cognitive performance
depending on the dose-response relationship, i.e., the inten-
sity of exercise, the timing of the measurement and com-
plexity of the cognitive task, and the fitness level of the par-
ticipants [7–10]. Among these moderator variables, Chang
et al. [9] revealed that the largest effect could be seen
between 10 and 20 minutes after exercise and that the ef-
fect gradually disappeared after 20 minutes. However, it is
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still unclear what type of exercise has an immediate or de-
layed effect on cognitive performance during post-exercise
recovery. The acute effects of exercise on cognitive abili-
ties also play a crucial role in neurochemical research. For
example, neurotrophic factors (BDNF, IGF-1, and VEGF)
stimulate the growth of new neurons and enhance synap-
tic plasticity and long-term potentiation, leading to im-
proved cognitive function [11]. Specifically, acute exer-
cise increases BDNF, leading to improved cognitive per-
formance, and furthermore, the increase in BDNF was per-
sistent after five weeks [12]. These neurotrophic factors
may help keep cognitive performance constant during sus-
tained tasks. Also, they may have different effects depend-
ing on the type of exercise. A study by Tsukamoto et al.
[13] examined the acute effects of a high-intensity interval
exercise (HIIE) on cognitive performance immediately af-
ter exercise and during post-exercise recovery on a cycle er-
gometer in comparison to a moderate-intensity continuous
exercise (MCE). Immediately after exercise, both types of
exercise showed enhanced cognitive performance, but the
HIIE resulted in more sustained improvement during the 30
minutes post-exercise recovery [13]. This suggested that
HIIE may be more effective in maintaining cognitive per-
formance. Moreover, a recent review by Hashimoto et al.
[14] found that the type and intensity of exercise, particu-
larly byHIIE, inducesmetabolic lactate, which is associated
with brain health concerning the effects of chronic exercise
on brain function. Despite these results, the neural activa-
tion triggered by both types of exercise during post-exercise
recovery has not been generally identified.

To date, several studies have been conducted on the
effects of acute exercise on prefrontal cortex-dependent ex-
ecutive function using electroencephalography (EEG) or
functional near-infrared spectroscopy (fNIRS) with con-
flicting findings [15]. Studies on the effects of acute ex-
ercise on brain activity, such as event-related potentials us-
ing EEG, demonstrate that moderate-intensity exercise in-
duces a greater amplitude of P3b [16] or P2 [17], which are
related to attentional resources and positively affect cog-
nitive performance. In addition, Kao et al. [18] compared
MCE andHIIE using frontal alpha event-related desynchro-
nization and found that only HIIE was observed to enhance
information processing speed and brain activation during
memory retrieval. Although exercise had a positive effect
on cognition, the low spatial resolution limits the ability to
determine precisely which area of the brain is involved.

fNIRS studies are still relatively new in the field of
cognition and motor function research. fNIRS is a non-
invasive, safe, and portable optical neuroimaging method
that can indirectly measure brain activity via cortical hemo-
dynamic responses in our brain based on neurovascular cou-
pling [19–21]. High neuronal activation occurs in specific
brain regions when performing a particular, e.g., cognitive
task (such as n-back or Flanker). This neuronal activity
triggers changes in local brain hemodynamics (neurovas-

cular coupling) that induce enhanced cerebral blood flow
to the activated brain regions [22,23]. As the local supply
of oxygen exceeds consumption, increased concentrations
of oxygenated hemoglobin (oxyHb) and reduced concentra-
tions of deoxygenated hemoglobin (deoxyHb) are observed
in activated brain regions [21,24]. These neuronal activity-
dependent changes in oxyHb and deoxyHb concentrations
can be used as indirect indicators of local brain activation
[21].

Furthermore, the use of fNIRS in the field of exer-
cise science in conjunction with methods from cognitive
psychology offers an advantage. Compared to other brain
imaging devices (e.g., EEG fMRI), fNIRS generally has a
high tolerance towards motion artifacts. As such, fNIRS
is currently more suitable for measuring brain activation
during cortical hemodynamic changes during exercise and
exercise-related activities in an unrestricted environment
[25]. Recent fNIRS studies with higher spatial resolution
than EEG have shown that acute moderate exercise en-
hances cerebral neural activation in the left dorsolateral pre-
frontal cortex (l-DLPFC) in healthy young adults associated
with improved cognitive performance [26–28]. However,
in these studies, a single cognitive task was set to confirm
the cortical activation induced by the acute response to one
specific stimulus. Since our daily activities involve con-
tinuous cognitive demands (e.g., reading a book or solv-
ing math problems at school), it is necessary to investigate
the neural activation during ongoing cognitive task perfor-
mance rather than acute response. Moreover, although sev-
eral studies have already examined the lasting effects of
acute exercise on cognitive performance on the behavioral
level [13,29–33], only a few have investigated these effects
at the neural level during recovery from acute exercise [34–
37]. Herold et al. [24] also proposed studies of sustained
effects on task-related cortical activation during recovery,
which may add to the knowledge of hemodynamic response
during recovery. Neural mechanisms need to be identified
to support the effects of acute exercise on enhanced cog-
nitive performance. Also, the changes of neural activation
during the recovery period after exercise have not yet been
investigated in HIIE.

The purpose of our study was to investigate the im-
mediate and sustained effects of two different types of exer-
cise intervention (HIIE vs. MCE) on cognitive performance
at the behavioral level, and their neural correlates after a
10-minute post-exercise recovery period. In the present
study, a newly developed, accurate, and validated digital
version of the Trail-Making-Test (dTMT) was used as the
most commonly used neuropsychological test to measure
executive function, and the cortical activation of the pre-
frontal and motor cortex was measured using fNIRS [38].
In addition, the performance of the dTMT was conducted
in a block design (30 seconds of task performance and 30
seconds of rest). It is likely that cognitive and motor con-
trol demands increase with block duration, especially for
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the dTMT-B condition, which requires more complex cog-
nitive processes such as cognitive flexibility, set-shifting,
inhibition, and working memory. For this reason, only the
most demanding condition of the dTMT tasks (dTMT-B)
was used for the statistical analysis in the present study. Al-
though there is still no gold standard for fNIRS statistical
analysis of changes in hemodynamic response over time,
Mandrick et al. [39] suggested that the slope method ap-
pears suitable for identifying changes in hemodynamic re-
sponse with the cognitive workload. In this regard, we also
compared the mean value of the hemodynamic response
over time with the slope value. In addition, the present
study incorporated data from a previously published paper
investigating the effects of acute exercise on fine motor-
cognitive performance while walking [40]. The hemody-
namic response data were reprocessed and reanalyzed along
with the other data.

Despite initial research on the effect of acute exercise
of mostly moderate intensity, but not high-intensity, on ex-
ecutive control, the relationship between time course and
cognitive benefits has been little studied. Therefore, we
hypothesized that a single acute bout of moderate-intensity
exercise would significantly improve performance on exec-
utive tasks and related changes in brain activation patterns
immediately after training than would high-intensity exer-
cise. However, we hypothesized that this effect would re-
verse in favor of HIIE after 10 minutes. Specifically, during
post-exercise recovery, the cortical activation will decrease
accordingly. This may be due to the ability to use neural
resources through exercise efficiently, and this effect may
persist for some time. Specifically, in HIIE, cortical acti-
vation is much greater in the motor area due to the fatigue
caused by the high-intensity exercise.

2. Materials and Methods
2.1 Focus of the Present Study

The data presented here are part of a larger study of
the effects of acute training on cognitive performance [40].
The focus of this article is to compare the changes in in-
dividual cortical activations during a fine motor-cognitive
task (dTMT-B) in a seated position after a 10-minute post-
exercise recovery period with two different types of exer-
cise intervention. Our goal was to confirm the intervention
effects of post-exercise recovery between sessions. An-
other previously published study examined the acute effects
of two exercise protocols on hemodynamic response during
dTMT while walking [40].

2.2 Sample Size Calculation
Sample size calculations were estimated using

G*Power (Version 3.1.9.2) (Math.-Nat. Faculty, Düssel-
dorf, Nordrhein-Westfalen, Deutschland) [41] and were
based on small to medium effects in prior studies of acute
exercise in healthy adults [9]. A total sample size of 22 is
required to detect a small to medium effect in a two-group

design with a 5% risk of type 1 error (α), 80% power,
and an estimated correlation of r = 0.5 between repeated
measurements of the cognitive outcome (dTMT-B). We
recruited 32 participants to account for a dropout rate of
∼25%.

2.3 Participants

A total of 32 healthy young adults (7 women) be-
tween the ages of 19 and 33 participated in the present
study. Inclusion criteria were right-handedness, at least 2
hours of exercise per week, and fair or good fitness (men:
43.5 mL/kg/min and above; women: 33.6 mL/kg/min and
above), respectively [42]. Exclusion criteria were an abnor-
mal resting pulse or blood pressure and cardiovascular or
neurological diseases. Furthermore, participants should not
have any fine motor impairments as this would hinder the
performance of the cognitive task. Injuries that interfered
withwalking on the treadmill or scalp injuries that would in-
terfere with measuring brain activity by fNIRS constituted
another exclusion criterion. In order to recruit participants,
our University Sports Club shared flyers, bothmanually and
via e-mail, through which participation in the experiment
was handled. Initially, 3 participants were excluded from
the experiment, two for not reaching the required fitness
level and one for the technical problem (failed recording
for the fNIRS data). Thus, data from 29 participants were
considered for the final analysis. The study was conducted
in accordance with the Declaration of Helsinki and was ap-
proved by the university’s local ethics committee. We ob-
tained written consent to participate in the experiment from
all participants.

2.4 Design and Procedure of the Experiment

As a randomized controlled trial design using repeated
measures (five sessions) in a two-armed parallel-group (be-
tween subjects), two laboratory visits were required for
study participants (i.e., sessions (1) and (2); see Fig. 1),
with an interval of at least two days between visits. Dur-
ing each visit, the experiment lasted approximately 1.5–2
hours. Before the experiment, participants received sev-
eral instructions: They were not to exercise for 24 hours,
not consume caffeine or alcoholic beverages for the last 12
hours, and sleep for approximately 7 hours the night before
[43]. Fig. 1 shows the entire study procedure.

On the first day, after the participants gave their writ-
ten consent to participate in the experiment, they com-
pleted a questionnaire on demographic information. Then
the fNIRS system was prepared, and sources and detectors
were attached to the head cap of the participants (see 3.3
fNIRS). After preparation, an initial resting value of 2 min-
utes was measured in a seated position. The Mental and
Physical State and Trait Energy and Fatigue Scales Ques-
tionnaire questionnaire (only Part II; MPSTEFS) was then
completed to determine participants’ physical and mental
energy/fatigue [44]. The first dTMT session (session 1: on
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Fig. 1. Schematic illustration of the design and testing procedures consisting of two test days for the HIIE and MCE groups.
Cortical hemodynamic activation was measured using functional near-infrared spectroscopy (fNIRS) while participants performed the
digital Trail-Making Test (seated or during running on a treadmill).

(1) of Fig. 1) followed while participants were comfortably
seated at the table. After a 20-minute rest, the second dTMT
session ((2) of Fig. 1) was performed again while sitting
comfortably. Participants then completed the questionnaire
in the MPSTEFS Part II again. At the end of the first day,
we removed the fNIRS system and determined the individ-
ual fitness level (VO2max) by performing the Bruce proto-
col [45] on a treadmill (h/p/cosmos pulsar® 3p, Nussdorf-
Traunstein, Germany). Participants were then randomized
into one of two groups (HIIE and MCE).

On the second day, the cap with the sources and detec-
tors of the fNIRSwas placed on the head of the participants.
An initial fNIRS measurement was recorded for 2 minutes
at rest. Then answers to the MPSTEFS questionnaire were
collected. Next, participants walked on the treadmill for 2
minutes at a speed of 5 km/h (including collecting data with
fNIRS), followed by a dTMT session during walking (ses-
sion 3: on (3) of Fig. 1). After completing the dTMT, the
fiber optic cables of the optodes were disconnected from the
fNIRS system and secured to the participants’ backs to com-
plete the remainder of their exercise sessions without inter-
ruption (HIIE or MCE). At the end of the intervention, we
reconnected the cable of the optodes to the fNIRS system.
Next, while walking at a speed of 5 km/h, the cortical ac-
tivation was measured without additional tasks for the first
2 minutes, immediately followed by the second dTMT ses-
sion (session 4: on (4) of Fig. 1). The heart rate (HR) was
recorded with a Polar H1 heart rate sensor (Polar Electro
Europe AG, Switzerland) before, during, and after exercise.
Participants’ fatigue immediately after the two types of ex-
ercise protocols was collected with the BORG scale (RPE,
ratings of perceived exertion) [46]. Subsequently, partic-
ipants completed the MPSTEFS questionnaire again. The
third dTMT session assessed the sustained effects of each
exercise protocol after a 10-minute break, but in a com-

fortable sitting position in this session (session 5: on (5)
of Fig. 1).

2.5 Exercise Intervention Protocols
2.5.1 High-Intensity Interval Exercise (HIIE)

In the HIIE protocol, the participant is exposed to a
loading interval four times over 4 minutes and an unloading
interval three times over 3 minutes. The interval exercise
lasted for a total of 25 minutes. The exercise intensity for
the high-intensity intervals is 90% of the VO2max, and the
intensity for the relief intervals is 60% of the VO2max.

2.5.2 Moderate-Intensity Continuous Exercise (MCE)

The external dose load, such as intensity or duration
of exercise, is essential to trigger neurobiological processes
leading to neuroplasticity and changes in cognitive func-
tion [47]. Therefore, it is important to adjust the dose in
studies focusing on the intensity of the exercise interven-
tion. Hence, the duration of the MCE protocol was deter-
mined as the duration required to accomplish the same total
calorie consumption as the protocol of HIIE [13,48]. In the
MCE protocol, the participant is subjected to 30 minutes of
moderate load. This protocol’s exercise intensity was con-
sistently 60% of the previously determined VO2max. Both
exercise protocols were followed by a three-minute cool-
down period at 5 km/h with optodes cables reconnected.

2.6 Measurements
2.6.1 Executive Function — Digital Trail-Making-Test
(dMT)

One of the most commonly used neuropsychological
tests to assess executive function is the Trail-Making-Test
(TMT) [49]. Its original paper-pencil version consists of
two conditions. In the TMT-A,whichmeasures information
processing speed and visuospatial abilities, 25 circles ran-
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domly distributed from 1 to 25must be connected in ascend-
ing order (i.e., 1-2-3-. . .). In the TMT-B, themost challeng-
ing condition measuring inhibitory control, cognitive flexi-
bility, and working memory, participants must connect cir-
cles of numbers and letters in ascending, alternating order
(i.e., 1-A-2-B-3-C. . .). Although the TMT is widely used,
it is usually administered in its single-pencil-on-paper form
(paper-pencil version). However, for this version, there are
insufficiently controlled parallel versions for repeated use
to rule out learning effects [50,51].

Evaluating executive function in a neuroscientific
method requires enough repetitions of measurement to ac-
quire an adequate signal-to-noise ratio of the data [52]. For
this reason, we used a newly developed accurate and vali-
dated digital version of the Trail-Making-Test (dTMT) [38].
The dTMT, which was performed using a Samsung Galaxy
Note Pro (12.2-inch diagonal LED-backlitMulti-Touch dis-
play with IPS technology; portrait alignment) with a reso-
lution of 2560 × 1600, is based on an Android App. Espe-
cially in terms of design and size, this dTMT is very close
to the paper-pencil version. In addition, our version of the
dTMT has been optimized based on two other digital ver-
sions. One of them allows the measurement of additional
variables (e.g., number and duration of lifts/pauses, time
spent between and inside circles, and distance ratio of the
total length) [53] and the other with a “divide-and-combine
approach” that generates alternative test variations (i.e., to
minimize potential learning effects) [54]. In addition, com-
pletion time and errors and all additional variables are au-
tomatically recorded when the tablet screen is touched with
a stylus or finger and stopped immediately after reaching
the last circle (marked as start and stop, respectively). Fel-
lows et al. [53] confirmed the separation of cognitive pro-
cesses as critical to TMT performance by measuring addi-
tional variables, including number and duration lifts/pauses
and time spent between and inside circles. In the dTMT-A,
most of these variables have been coupled with visual pro-
cessing speed. In particular, in the dTMT-B, these variables
relate to inhibition, such as the time spent between circles
and pauses number/duration. The variables such as time
spent inside a circle and lifts number/duration correlate with
working memory [53]. To measure the reference for the
dTMT-A and -B, we implemented a complementary trail-
tracing task (dTMT-motor, dTMT-M) that assesses fine mo-
tor control [55]. Examples of the dTMT sheets are pre-
sented in Fig. 2.

Our version of the dTMT provides the option to run
a block of tasks with a fixed time instead of performing
the task with 25 circles completed at once. This is be-
cause enough test repetitions are required to evaluate neu-
ral correlates for the task [52]. Each dTMT assessment
lasts 9 minutes, with a task block alternating 30 seconds of
task completion followed by 30 seconds of rest (presenta-
tion of a black fixation cross on a white background). The
task sequence of the dTMT conditions (dTMT-M, dTMT-

A, dTMT-B) within every 9 minutes’ block was pseudo-
randomly designed such that the same condition never ap-
peared twice in succession. All conditions were displayed
three times each. Using a pseudo-randomized stimulus
sequence minimizes the task condition predictability and
avoids the top-down effects of condition-related expecta-
tions or attention. In order to examine the effects of exer-
cise on behavioral-level cognitive performance, we estab-
lished in a pilot study that learning effects had already de-
creased over the first two sessions of the experiment. Also,
the program’s mathematical algorithms of dTMT can con-
tinuously generate a new dTMT trial that will never match
the previous sheet. Participants were instructed to complete
as many circles as possible for the task performance, paying
attention to error-free execution. Another was presented if
they completed a sheet before the end of a 30-second block.
Even if 30 seconds passed before they completed a sheet,
the data was automatically saved, and the remaining blocks
were displayed with a fixed cross in the center of the tablet.

2.6.2 Maximum Oxygen Consumption Test (VO2max)

The Bruce protocol [45] was carried out on a tread-
mill (h/p/cosmos pulsar® 3p, Nussdorf-Traunstein, Ger-
many), to evaluate participants’ cardiorespiratory fitness
(VO2max) and to define the individualized exercise proto-
col. HR was measured with a Polar H1 Heart Rate Sensor
(Polar Electro Europe AG, Switzerland). The starting point
of the Bruce Protocol begins with an initial speed of 2.7
km/h and an incline of 10%. Every 3minutes, the stage goes
up, increasing the incline by 2% and the speed by 1.3 km/h.
The testing protocol was terminated when (a) the protocol
can no longer be performed due to complete exhaustion of a
participant, (b) the HR increase could not be detected even
when the intensity was increased, and (c) RPE was 17 or
higher [46]. An individualized training protocol tailored to
the participant’s fitness level was used in the present study.
Considering the dTMT measurement at a walking speed of
5 km/h, only the participants whose exercise intensity, that
is, their running speed did not fall below 5 km/h, were in-
cluded.

2.6.3 Covariates

Demographic information, type and duration of sports
activities per week, and level of sports performance (i.e.,
their experience in participating in competitions) were ob-
tained by questionnaire. Body mass index (BMI, kg/m2)
was calculated based on height and weight. Participants
also answered Part II of the Mental and Physical State and
Trait Energy and Fatigue Scales Questionnaire (MPSTEFS)
a number of times throughout the experiment to monitor
changes in perceived feelings of energy and fatigue (see
Fig. 1) [44]. Part I of the questionnaire asks how an indi-
vidual usually feels when performing physical and mental
activities. Part II of the questionnaire asks how an individ-
ual currently feels and consists of 12 separate ratings for
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Fig. 2. The Design of experimental task for dTMT. Each condition appears randomly three times over 30 seconds, and dTMT lasts a
total of 9 minutes, including a break between conditions.

physical energy, physical fatigue, mental energy, and men-
tal fatigue. Because the questions in this study related to
the effects of acute physical activity, only the components
of Part II were included in this study. The questions such
as “How do you feel right now?” were answered with 100
mm on a visual analog scale. High Cronbach’s α coeffi-
cient already demonstrated a high internal consistency for
each scale (greater than 0.85). Immediately after the exer-
cise intervention, participants also responded to the BORG
scale for RPE to monitor subjective perceived effort related
to exercise intensity [46]. The range is on a scale of 6 (no
exertion) to 20 (maximal exertion). This value enables to
subjectively estimate the level of fatigue during or after ex-
ercise tests.

2.7 fNIRS Measurement

In the present study, concentration changes in the
amount of oxygenated and deoxygenated in the right and
left: frontopolar area (FPA), dorsolateral prefrontal cortex
(DLPFC), and motor cortex (M1) were recorded using a
portable continuous optical fNIRS system (NIRSport 88,
NIRx Medical Technologies LLC, New York, NY, USA).
The setup consisted of 16 light sources and 16 detectors
spaced approximately 3 cm between optodes to effectively
compromise depth sensitivity and signal-to-noise ratio. The
center of the NIRScaps for optode placement (EASYCAP
GmbH, Herrsching, Germany) was placed over the vertex
(Cz) according to the international 10–20 system by mark-
ing the midpoint between the nasion and the inion and the
left and right preauricular points (see Fig. 3), to ensure
experiment consistency of placement between participants
and experimental sessions.

The data sampling rate of this fNIRS system is 7.81
Hz and includes two wavelengths of infrared light (760
and 850 nm) [56] to measure oxygenated and deoxygenated
hemoglobin (oxyHb and deoxyHb) using the continuous-
wave procedure (i.e., emitting infrared light from a source
with a constant intensity and frequency) [57]. Data of
oxyHb and deoxyHb were recorded on a tablet (Microsoft
Surface Pro2 128 GB) with the NIRS Star 14 Software
(NIRSport, NIRx Medical Technologies LLC, Glen Head,
NY, USA). For each 30 seconds block of alternating task
and rest, triggers were set using the NIRS Stim Software
(NIRSport, NIRx Medical Technologies LLC, Glen Head,
NY, USA).

2.8 Data Analysis

In the present study, only the behavioral and neural
data of dTMT-B condition were analyzed between the first
and last session to investigate the extent to which two types
of exercise affect the maintenance or improvement of cog-
nitive performance at a behavioral and neuronal level after
recovery on post-exercise (see Fig. 1). Besides, some data
(e.g., demographic and physiological data, MPSTEFS, and
behavioral and neural data on pre-and post-exercise) have
already been reported in the work of [40]. However, behav-
ioral and neural data were reprocessed and analyzed con-
cerning the research question under investigation here.

Statistical analyses were performed using SPSS v. 27
(IBMCorp., Armonk, NY, USA). First, we explored the de-
pendent variables for missing data points, normality of dis-
tributions (tested by Kolmogorov–Smirnov tests), and the
presence of outliers. The effect sizes for all analyses are
expressed using partial Eta2 (ηp2) or Cohen’s d. For all sta-
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Fig. 3. Configuration for fNIRS Measurement.

tistical tests, an alpha level was set a priori p < 0.05. The
classification of the partial Eta2 also followed the conven-
tions of Cohen [58]: 0.01 small effect; 0.06 medium ef-
fect; 0.14 strong effect. Sphericity issues were addressed
with the Greenhouse Geisser correction for repeated mea-
surements ANOVA. The statistically significant values in
ANOVA lead to post-comparison using Bonferroni correc-
tion.

2.8.1 Demographic and Physiological Data

For the demographic variables, continuous variables
(e.g., age, height, weight, BMI, exercise duration, VO2max,
heart rate) were calculated using two-sample t-tests to ob-
serve possible group differences. In addition, categorical
demographic variables (e.g., sex, participation in competi-
tions) were tested with a Chi2 test.

2.8.2 Subjective Physiological/Psychological Parameters

We compared the subjective fatigue parameters of
the MPSTEFS questionnaire using 3 × 2 × 2 ANOVAs
with repeated measurements with the with-in-subjects fac-
tor “session” (before session 1, before session 3, and be-
fore session 5) and “energy/fatigue” (physical and men-
tal energy/fatigue) and the between-subjects factor “group”
(HIIE and MCE) separately for two components (Physical
and Mental Energy or Physical and Mental Fatigue) be-
tween before task beginning on the first day and before task
beginning on pre-and post-exercise on the second day (see
Fig. 1 before (1), (3) and (5)). This is to investigate the com-
parison between the state of the first day and the second day
and the state between pre-and post-exercise (pre-recovery).

2.8.3 Executive Function

First, the data from dTMT had to be extracted from a
text file stored on the tablet via Matlab 2018b (MathWorks,
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Natick MA USA). Then, we selected three variables (num-
ber of connected circles, time spent inside circle [working
memory], and speed between circles [inhibitory control])
from the data of dTMT for the behavioral analysis, and we
averaged three blocks of three selected variables in each
condition. In particular, the variable “number of correctly
connected circles” was used as an indicator of the dTMT-B
in the present study because the task had to be performed
continuously for a given duration of 30 seconds. As men-
tioned earlier, we statistically analyzed only the dTMTB
condition, the most challenging task. In the statistical anal-
ysis step at the behavioral level, we obtained a comparison
between all sessions using 5 × 2 ANOVAs with repeated
measurements on the number of correctly connected circles,
the time spent inside and speed between circles as the de-
pendent variables with the within-subjects factors “session”
(from first to last session) and with the between-subjects
factor “group” (HIIE and MCE).

2.8.4 fNIRS Data

The analysis of the neural data was conducted with
the NIRS Toolbox [59], an open-source program installed
in Matlab 2021a (MathWorks, Natick, MA, USA). The rel-
ative coefficient of variation (CV in %) was first estimated
with unfiltered raw data to check the data quality as a signal-
to-noise ratio, a data processing method commonly used
in NIRS measurements using multi-channel [60,61]. CVs
above 15% for each channel computed during each exper-
imental session were excluded for the subsequent analysis
[62]. After removing poor channels, data were processed
using a low-pass filter with 0.2 Hz [57] to remove physi-
ological components (e.g., heartbeats: 0.5 to 2.0 Hz, and
respiration: 0.2 to 0.4 Hz). From these data, they could be
converted to optical density. The converted data were then
corrected for motion artifacts by attenuating outlier varia-
tions using temporal derivative distribution repair (TDDR)
[63]. These preprocessed optical densities were finally con-
verted into oxygenated hemoglobin (oxyHb) as well as de-
oxygenated hemoglobin (deoxyHb) concentration using the
modified Beer-Lambert law [59]. The data of all chan-
nels were processed into time-series data by calculating the
inter-trial mean of each dTMT condition. Each time-series
data was corrected using the baseline period’s average value
for two seconds before the onset of a task block (baseline
correction). Furthermore, task contrast was performed by
subtracting the time-series data for the resting conditions
between task conditions from task conditions. Changes in
hemodynamic responses for each condition were plotted
as topographic on brain image over time during 30 sec-
onds of task execution. Each channel of source-detector
was averaged over six different regions of interest (ROI)
in a further step for statistical analysis. The areas divided
into six ROI consisted of the left frontopolar area (l-FPA)
with source-detector pairs (S3-D2, S3-D5), the right fron-
topolar area (r-FPA) with source-detector pairs (S6-D5, S6-

D7), the left dorsolateral prefrontal cortex (l-DLPFC) with
source-detector pairs (S1-D1, S1-D2, S1-D3, S2-D2, S4-
D3, S4-D4), and the right dorsolateral prefrontal cortex
(r-DLPFC) with source-detector pairs (S5-D6, S7-D7, S8-
D7, S8-D8), the left motor area (l-M1) containing all chan-
nels above the left motor cortex, and the right motor area
(r-M1) containing all channels above the right motor cor-
tex. We employed the freeware MNE-NIRS (v. 0.1.2;
https://mne.tools/mne-nirs/) [64] from theMNE toolbox (v.
0.24.0; mne.tools) in Python [65] andMATLAB based tool-
box NFRI (https://www.jichi.ac.jp/brainlab/tools.html) to
visualize the topographic on a brain image [66]. It is be-
lieved that the oxyHb response can be used as a more sen-
sitive indicator of changes in regional blood flow [67,68].
For this reason, we used only changes of oxyHb levels for
further statistical analysis. The use of ROIs as a factor in
ANOVAs may lead to unintended statistical bias because
the optical properties may differ systematically between
ROIs [24]. Therefore, for statistical analysis, ANOVAs
were performed separately for each ROI. To account for
this, alpha values were corrected for the number of ROIs
using the false discovery rate (FDR-corrected) to perform
multiple comparisons [69]. The emphasis was also placed
on the effect sizes when evaluating statistical significance
due to the small number of participants in each group in the
present study [70].

The parameters extracted from the fNIRS statistical
analysis were the mean parameter and the slope over time
(from onset to 32 sec) of the conditional block (see Fig. 4).
The time of 32 sec was chosen to account for the fact that
the maximum range of concentration changes is reached
within a few seconds after the end of the task. According
to the systematic review by Herold et al. [24], the methods
used for statistical analysis of fNIRS data are very diverse
(mean value, area under the curve, slope or GLM analysis,
etc.). Therefore, for comparing the two parameters (slope
and mean) in the present study, we followed the study of
[39], which suggests that the slope method seems to be suit-
able for detecting changes in hemodynamic response over
time with the cognitive workload.

In the statistical analysis, we analyzed 5 × 2 ANCO-
VAs with repeated measures for each oxyHb in ROI while
adjusting for the rate of change in behavioral data (dTMT-
B) as a covariate with the within-subjects factors “ session”
(from first to last session) and the between-subjects factors
“group” (HIIE andMCE), to test the effects of post-exercise
recovery on changes of hemodynamic response over ses-
sion. Also, we further calculated Pearson correlations be-
tween behavioral data and neural data in each session for
each group separately.

3. Results
3.1 Demographic and Physiological Data

Table 1 shows the demographic and physiological
characteristics. No significant differences between the two
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Table 1. Demographic and physiological characteristics of participants by group.
HIIE MCE

statistical analysis(n = 14) (n = 15)

M (SD) M (SD)

Age (years) 26.0 (3.98) 24.2 (4.04) t27 = 1.21, p = 0.238, d = 0.45
Sex m: 11; w: 3 m: 11; w: 4 χ2

1 = 0.109, p = 0.742
Height (cm) 176 (9.34) 177 (9.42) t27 = 0.222, p = 0.826, d = 0.02
Weight (kg) 70.6 (10.5) 70.2 (12.0) t27 = 0.105, p = 0.917, d = 0.04
BMI (kg/m2) 22.7 (2.29) 22.4 (2.70) t27 = 0.396, p = 0.695, d = 0.12
max. HR (bpm) 189.1 (6.72) 189.3 (5.59) t27 = 0.083, p = 0.952, d = 0.46
VO2max (mL/kg/min) 55.2 (6.37) 56.2 (7.11) t27 = 0.405, p = 0.695, d = 0.15
Exercise duration (min per week) 175 (144) 227 (130) t27 = –1.31, p = 0.201, d = 0.49

Participation in competitions

International: 0% International: 13.3%

χ2
4 = 3.513, p = 0.476

National: 7.1% National: 20%
Regional: 21.4% Regional: 20%
Local: 42.9% Local: 26.7%
No: 28.6% No: 20%

Note. M, mean; SD, standard deviation.

Fig. 4. Example for calculating slope for oxyHb while per-
forming the dTMT over time.

exercise groups were found in the statistical analysis. Be-
sides, the types of sports that subjects participate generally
varied, including team sports (e.g., Basketball, Volleyball),
endurance (e.g., rowing, track athletics, cycle, swim), in-
dividual sports (e.g., apparatus gymnastics, boxing, taek-
wondo), racket sports (e.g., tennis, table tennis).

3.2 Subjective Physiological/Psychological Parameters
(MPSTEFS)

Table 2 shows the physical/mental energy/fatigue
components using a visual analog scale that yielded 12 sep-
arate ratings for Physical Energy, Physical Fatigue, Mental
Energy, and Mental Fatigue before and after exercise. A 3
(“session”: before (1), before (3), and before (5))× 2 (“en-
ergy or fatigue”: physical and mental energy/fatigue) × 2
(“group”: HIIE and MCE) showed a significant effect of

session only for physical and mental fatigue, F (1.49, 40.2)
= 3.38, p = 0.041, ηp2 = 0.111, indicating an overall increas-
ing physical and mental fatigue in post-exercise (before (5))
regardless of the group.

3.3 Executive Function (dTMT)
First, we performed 5 × 2 ANOVAs with repeated

measurements on the number of connected circles, time
spent inside circle, and speed between circles as a de-
pendent dTMT-B variable with the within-subjects factors
“session” from first to last session and with the between-
subjects factor “group” (HIIE and MCE) to examine the
change in cognitive performance over session. A signifi-
cant effect of session was found for the variables “number
of connected circles” F (2.92, 78.8) = 16.7, p < 0.001, ηp2
= 0.383, “time spent inside circle”, F (4, 108) = 8.78, p
< 0.001, ηp2 = 0.245, and “speed spent between circles”,
F (2.61, 70.4) = 8.57, p < 0.001, ηp2 = 0.241. However,
no interaction effect between session and group was ob-
served for any of these variables. A post hoc analysis of
the factor session is shown in Fig. 5. No significant dif-
ference was found for the other variables, except for the
speed between circles between the second session on the
first day (during sitting) and the third session in pre-exercise
(during walking). For the number of connected circles, we
found a significant increase in cognitive performance be-
tween pre-and post-exercise, but there was no significant
improvement between post-exercise (during walking) and
-recovery (during sitting). When comparisons were made
between the same conditions (during sitting), a significant
differencewas found between the second session on the first
day and post-recovery.

In summary, for the behavioral data of the dTMT, task
speed performance (speed between circles) increased dur-
ing walking. Still, overall task performance (number of
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Table 2. MPSTEFS data (mean and standard deviation) for before (1), (3), and (5) session by group (HIIE and MCE).

MPSTEFS components

Before (1) Before (3) Before (5)

HIIE MCE HIIE MCE HIIE MCE

(n = 14) (n = 15) (n = 14) (n = 15) (n = 14) (n = 15)

M (SD) M (SD) M (SD) M (SD) M (SD) M (SD)

Physical Energy 286 (49.7) 286 (45.3) 301 (50.9) 297 (59.7) 307 (47.3) 297 (83.9)
Physical Fatigue 127 (39.1) 115 (72.6) 151 (60.7) 133 (65.2) 176 (92.3) 149 (108)
Mental Energy 301 (45.7) 298 (50.5) 299 (52.8) 313 (49.1) 309 (64.0) 289 (67.9)
Mental Fatigue 138 (66.2) 111 (66.7) 154 (64.8) 108 (41.8) 160 (71.9) 156 (78.0)
Note. M, mean; SD, standard deviation.

Fig. 5. Behavioral data extracted from the dTMT-B by group. * p < 0.05.

connected circles) remained unchanged between sitting and
walking. Overall, cognitive performance improved signif-
icantly in both groups in post-exercise and was maintained
in post-recovery.

3.4 Neural Correlates (fNIRS)

Fig. 6 shows the hemodynamic responses during the
performance of the dTMT for 30 seconds over a session. As
shown in Fig. 6, for each condition (during sitting and walk-
ing), changes in oxyHb levels can be observed across ses-
sions (from first to fifth session) during task performance.
High cortical activation can be found after HIIE, and com-
pared to MCE, high cortical activation was maintained to
some extent after recovery.

Table 3 shows the statistical results for the hemody-
namic response over session with the ANCOVA with re-
peated measures for slope and mean of oxyHb in each ROI.
The slope and mean value parameter over the entire ses-
sion in all ROIs are shown in Fig. 7. The slope parameter
showed a significant effect of the session in all ROIs, but the
mean parameter showed a significant effect with a medium
effect size in r-FPA, l-DLPFC, r-DLPFC, l-M1, and r-M1.
An interaction effect with amedium effect size between ses-
sion and groupwas observed for both parameters only in the
l-M1 (see Fig. 8A), indicating a significant difference with
an above medium effect size between groups (Fig. 7 (1-e
and 2-e)) for slope value in post-exercise while walking (p =
0.073, d = 0.694) and post-recoverywhile sitting (p = 0.027,
d = 0.871), and a significant difference between groups for

mean value in post-exercise (p = 0.024, d = 0.886) and post-
recovery (p = 0.026, d = 0.873). In summary, high hemody-
namic responses were observed in all ROIs during perform-
ing the dTMT while walking in pre-and post-exercise and
decreased again in post-recovery. Notably, a high hemody-
namic response in l-M1 was maintained by HIIE in post-
recovery compared with MCE.

4. Discussion
The present study investigated the immediate and sus-

tained effects of acute exercise with different exercise in-
tensity on neural correlates underpinning cognitive perfor-
mance in the post-recovery period. In our previous study
[40], two different exercise intensities resulted in increased
activation in task-related areas (FPA andM1). Accordingly,
cognitive performance was improved by using the available
neural resources effectively. The main focus of this present
study was on the oxyHb changes related to cognitive perfor-
mance (dTMT-B) during recovery in post-exercise. Since
we already confirmed the differences in oxyHb levels be-
tween task conditions in pre-exercise [40], in the present
study, we only investigated the dTMT-B, which is mainly
used to test complex cognitive functions such as working
memory set-switching over the entire session.

4.1 Demographic and Physiological State and MPSTEFS

Demographic data were reported in our previous study
[40]. Among them, there were no significant differences
between groups. Also, no differences were found for
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Fig. 6. Change of OxyHb for 30 seconds over session by group.

Table 3. ANCOVA with repeated measures for Slope and Mean of oxyHbO in each ROI with F-, p-value (FDR-corrected), and
effect size.

Effects l-FPA r-FPA l-DLPFC r-DLPFC l-M1 r-M1

Slope F4,104 p ηp2 F1,21 p ηp2 F1,21 p ηp2 F1,21 p ηp2 F1,21 p ηp2 F1,21 p ηp2

Session 2.83 0.028 0.098 4.49 0.002 0.147 3.85 0.006 0.129 5.12 0.001 0.164 4.11 0.004 0.136 7.77 0.001 0.230
Session × Group 1.07 0.377 0.039 1.38 0.245 0.050 0.398 0.810 0.015 0.919 0.456 0.034 1.90 0.116 0.068 1.36 0.254 0.050

Mean F1,21 p ηp2 F1,21 p ηp2 F1,21 p ηp2 F1,21 p ηp2 F1,21 p ηp2 F1,21 p ηp2

Session 1.27 0.285 0.047 2.60 0.040 0.091 1.92 0.113 0.069 3.16 0.017 0.108 1.68 0.161 0.061 4.37 0.003 0.144
Session × Group 0.966 0.430 0.036 1.54 0.197 0.056 0.470 0.757 0.018 0.892 0.471 0.033 2.68 0.057 0.094 1.36 0.253 0.050
Note. Session: from first to fifth session; group: HIIE and MCE; Slope: slope of hemodynamic response between onset and 32 sec;
Mean: mean of hemodynamic response for last 7 sec of task end. Bold: Above a medium effect size 0.06 in bold.

VO2max at baseline, so that the group classification was
already established before the intervention. As subjective
variables, the fatigue of physical and mental parameters in-
creased from pre- to post-exercise, but fatigue did not corre-
late with cognitive task performance and task-related corti-
cal activation. Since these parameters were measured af-
ter the post-test and not immediately after exercise, they
could not sensitively reflect physical and mental changes
in energy/fatigue. However, as an objective variable, the
change of heart rate induced by the exercise intervention
during acute exercise and post-test led to a difference be-
tween groups [40]. This implies that the two different types
of exercise-induced different intensities.

4.2 Change of dTMT-B Performance at the Behavioral
Level Over Session

First, we conducted two sessions on the first day to ef-
fectively control for learning effects. No significant differ-
ence in cognitive performance for our three reported vari-
ables (see Fig. 5) was found between the first and second
sessions. Recent studies have shown that individuals with
high fitness levels show little or no improvement with acute

exercise [71,72]. However, due to the training regime we
chose, the participants had to have at least an intermediate
fitness level to perform the full extent of the training. In
addition, it was possible to effectively control the learning
effect by integrating a divide-and-combine approach [54],
creating alternative sheets of the TMT task from the newly
developed dTMT. Despite different conditions, there was
no significant difference between the second and third ses-
sions (between sitting and walking). In general, cognitive
performance seems to be impaired during a dual-task while
walking in children, adolescents, and older adults [73,74].
However, this was not the case in our study. In comparing
sitting and walking, the cognitive performance for the num-
ber of connected circles did not decrease due to the automa-
tion of gait in the treadmill task performance [75]. Notably,
cognitive performance increased in the post-exercise pe-
riod, which is supported by a study by Penati et al. [76] that
showed better cognitive performance in fixed-speed walk-
ing on a treadmill than over-ground walking. Above all, the
increased activation of the frontal lobe induced by exercise
may have amplified the posture-second strategy [77] to fo-
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Fig. 7. Slope (1) and Mean (2) of OxyHb related to dTMT-B performance over session by group. Individual slope and mean oxyHb
changes related to dTMT-B performance over the whole session are shown in all ROIs. Below each graph is the correlation coefficient
between the rate of behavioral data (number of corrected circles) and the rate of neural data (slope and mean) between each session (e.g.,
∆ session 2 – session 1,∆ session 3 – session 2,∆ session 4 – session 3, and∆ session 5 – session 4).

Fig. 8. Change of OxyHb related to dTMT-B performance for 30 seconds over session by group. (A) F-map of oxyHb signal
changes of slope reflecting the interaction between session and group for the dTMT-B performance. Among the six regions of interest,
an interaction with a medium effect size can be seen in the left motor cortex (l-M1) (FDR-corrected). F-value is displayed according to
color bars. (B) Time course of oxyHb changes in response to dTMT-B performance in the l-M1 in post-exercise while walking between
HIIE andMCE. (C) Time course of oxyHb changes in response to dTMT-B performance in the l-M1in post-recovery while sitting between
HIIE and MCE. Error bars indicate standard error.
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cus more on cognitive tasks due to the automatized walking
on the treadmill. As the posture-second strategy, dual-tasks
while walking on a treadmill could enable resource alloca-
tion toward cognitive tasks while performing automatized
walking naturally, contributing to improved motor and cog-
nitive function. In this regard, dual-task performance on the
treadmill may be a suitable alternative to improvemotor and
cognitive functions in clinical or rehabilitation fields.

However, significant cognitive performance increases
were no longer observed post-recovery, but the perfor-
mance was maintained. This sustained performance in the
post-recovery period was significantly different, especially
compared with the first and second session as baseline un-
der the same condition (during sitting). According to the
meta-analysis by Chang et al. [9], the greatest positive ef-
fect on cognitive performance was found after 10–20 min-
utes in post-exercise. This effect gradually decreased when
it lasted longer than 20 minutes. In the present study, the
increase and maintenance of cognitive performance in post-
exercise and -recovery were independent of the intervention
group. In the study by Tsukamoto et al. [13], the cogni-
tive performance was also maintained for 20 minutes. In
the case of HIIE, the performance was maintained up to 30
minutes longer than in MCE. However, in our study, only a
10-minute recovery was given, and thus a follow-up study
on the post-exercise maintenance of cognitive performance
should be conducted. Notwithstanding the limitations asso-
ciated with the short recovery period, in the present study,
in which exercise-induced changes of neural correlates re-
lated to task performance were additionally investigated us-
ing fNIRS, the comparisons between the two types of exer-
cise should also be observed at the neural level.

4.3 Change of oxyHb Levels at the Neural Level Over
Session

To date, the effect of acute exercise on cognitive task-
related neural correlates has been studied extensively using
fNIRS (for a systematic review, see Herold et al. [24]).
However, studies on the neural correlates of the mainte-
nance of cognitive performance in post-exercise are still
lacking. Furthermore, only few studies have investigated
the sustained effects of exercise on task-related neural cor-
relates [34–37]. In general, acute exercise plays a role in in-
creasing cortical activation concerning enhanced cognitive
performance. Prefrontal cortical activation in post-exercise
positively affects cognitive task performance [14]. In a re-
cent study on the effects of exercise on cognitive perfor-
mance in post-recovery, the cortical neural activation in the
prefrontal area depends on age. At the behavioral level, in-
hibitory control for young and older adults improved imme-
diately after 15-minutes of moderate exercise with 40–60%
heart rate rebound, and, notably, was maintained even 30-
minutes after recovery [34]. However, the cortical activa-
tion at the neural level appears to differ between young and
older adults. In young adults, the cortical activation gradu-

ally decreased from baseline to post-exercise and -recovery
periods. In contrast, in the elderly, it increased in the middle
frontal lobe post-exercise and returned to pre-exercise lev-
els in post-recovery again. In children aged 8–10 years, the
cortical activation of the frontal lobe also increased in post-
exercise (continuous and intermittent moderate-intensity
exercise). However, it decreased steadily post-recovery,
maintaining cognitive performance for 30 minutes [36].

The present study investigated the effects of exercise
on various brain areas by additional measurement of the
motor area, unlike other studies that are generally limited
to frontal lobe measurements. Also, performing task con-
ditions (during sitting and walking), type of cognitive task
(dTMT-B), and exercise types (HIIE and MCE) should be
consideredwhen interpreting the results of the present study
compared with other studies. Furthermore, from the point
of view of statistical analysis, the simultaneous analysis and
comparison of the mean and the slope value could be an ap-
propriate alternative solution for the fNIRS analysis meth-
ods, for which there is no golden standard yet.

The performance of the 1st and 2nd sessions serves as
a baseline to control the learning effect of the task. The re-
sults for oxyHb between the 1st and 2nd session showed de-
creased cortical activation only in the l-FPA with no change
in cognitive performance. This appears to have been ef-
fectively utilized by reducing the neural resources due to
the learning effect [78]. In comparing performance con-
ditions, higher cortical activation in all ROIs was shown
during the fine motor-cognitive task for 30 seconds while
walking than sitting. In this regard, the higher cortical acti-
vation during walking compared with sitting might be due
to allocating more neural resources to postural control and
task performance while walking, which is why cognitive
performance may have been maintained even during the
dual-task condition. In particular, the slope of exercise-
induced cortical activation was increased or maintained in
post-exercise, which seems different between the two types
of exercise. Notably, considering the mean value, there was
a significant increase in the r-FPA and l-DLPFC from pre-
to post-exercise, regardless of the intervention group, which
is consistent with other studies showing exercise-induced
increased cortical activation in the l-DLPFC [27,79]. How-
ever, compared with these studies, more neural resources
may need to be recruited in other areas due to type of ex-
ercise (intensity or duration), performing condition (sitting
or walking), and type of cognitive task (Stroop task or fine-
motor cognitive task) to maintain task performance in post-
exercise. Thus, further studies should be conducted consid-
ering the factors mentioned above.

More importantly, depending on the characteristics of
the fine-motor cognitive task, the motor area may have been
significantly differently affected by the two types of exer-
cise. After HIIE, the cortical activation was increased in
both M1 areas, whereas it decreased after MCE. Notably,
the rate of change for oxyHb (both parameters for slope
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and mean) between pre-and post-exercise (adjusting rate
of change for dTMT performance as a covariate) showed
a significant difference between groups. The increased ac-
tivation of M1 in the HIIE group, along with an increase in
the frontal lobe, could be explained by the need for more
neural resources for postural control and fine-motor con-
trol, along with smooth task performance while walking
on the treadmill [40]. According to the conceptual model
of mechanisms of physical activity [1,80], regular exercise
induces changes in cellular and molecules such as brain
growth factors, which in turn lead to structural and func-
tional changes in the brain, leading to an increase in cog-
nitive performance. In addition, the upregulation of VEGF
by exercise in animal models increased cerebral blood flow
[81,82]. Moreover, the increased cerebral blood flow ve-
locity is related to fitness level and healthy human aging
[83]. Given the physical fitness level of the subjects par-
ticipating in the regular exercise in the present study, the
increase in cerebral blood flow to the frontal lobe in post-
exercise, which plays an essential role in the executive func-
tion, seems reasonable. A further increase in M1 caused
by HIIE could also be explained. Therefore, other studies
are needed to determine whether HIIE induces high cortical
activation and enhanced cognitive performance when used
in different age groups (children and the elderly) or groups
with varying levels of fitness (high and low) [71].

Moreover, cortical activation had returned to baseline
levels (1st and 2nd sessions) in all ROIs after recovery, even
when both variables for the slope andmean parameters were
accounted for. Notably, interaction with the above medium
effect size for both slope and mean parameters was found
only for l-M1, indicating that the higher cortical activation
in the l-M1 appeared to bemaintained in HIIE thanMCE. In
addition, in oxyHb, there was no difference between groups
in the rate of change between post-exercise and -recovery
periods. However, the exercise-induced increased corti-
cal activation from post-exercise was maintained until the
post-recovery period, resulting in a significant difference
between groups (p = 0.027, d = 0.871). In a previous study
that applied moderate-intensity exercise [84], the cortical
activation of the frontal lobe tended to decrease in post-
recovery. Still, the cognitive performance was maintained
for up to 30 minutes. In the present study, decreased cor-
tical activation was also observed in the frontal lobe. An
additional measurement of the motor cortex also revealed
decreased oxyHb in the left and right M1. In particular,
the left M1 was more affected by HIIE. This can be inter-
preted as the effect of exercise intensity. Although it was
necessary to mobilize a large amount of neural resources to
process the fine-motor cognitive task simultaneously with
walking in post-exercise, a general downregulation of cor-
tical activation occurred during sitting in the post-recovery
period. HIIE, which may have led to fatigue due to high in-
tensity, could affect the upregulation of the left M1 in pro-
cessing the fine motor task.

Also, the change in behavioral data was already con-
sidered by performing ANCOVA with repeated measure-
ments between sessions and groups for oxyHb, adjusting
the ∆ of the first and last sessions for dTMT performance.
As for any correlation between the ∆ in hemodynamic re-
sponses and the ∆ in dTMT performance (number of cor-
rect connected circles) (see Fig. 7 under each graph), ex-
cept for strong correlations with behavioral data and hemo-
dynamic response (mean parameter) of the left frontal lobe
for HIIE group between pre-and post-exercise (r = 0.698,
p = 0.006), no significant correlation was found between
sessions. HIIE exercise resulted in an increase in the left
frontal lobe and improved cognitive performance. In con-
trast, in theMCE group, behavioral data and cortical activa-
tion increased simultaneously, although there was no signif-
icant correlation. Overall, the absence of significant corre-
lations could result from the proper allocation and effective
use of neural resources depending on the execution and task
conditions in the experimental design. In addition, the ∆

of cortical activation decreased without any difference be-
tween groups in all ROIs from post-exercise to -recovery.
In contrast, the∆ of the behavioral data resulted in a differ-
ence with small to medium effect size (p = 0.202, d = 0.486)
betweenHIIE (12.3± 27.2%) andMCE (1.6± 24.2%). For
this reason, in the present study involving healthy young
adults with a high fitness level according to normative data
for VO2max (at least a fair or good fitness for VO2max from
Heywood [85]), there was an increase in cognitive perfor-
mance from pre-exercise to post-exercise and maintenance
occurred in post-recovery, resulting in different cortical ac-
tivations adapted to the two types of exercise.

4.4 Limitation of the Present Study

Although the present study has provided novel at-
tempts and interesting findings, some limitations are worth
noting. First, the sample size in our study was small, which
may indicate high inter-individual variability in exercise-
induced cortical activation. Therefore, in statistical anal-
ysis, emphasis was placed on the effect size to compen-
sate for this. Nevertheless, a large number of participants
is required for generalization. Second, although various
moderator parameters between acute exercise and cogni-
tion are involved, it is necessary to observe the acute and
sustained effects of cortical activation induced by exercise
on cognitive function through studies that consider various
fitness levels (age group or high/low fitness). For this rea-
son, given the participants’ high fitness levels, we probably
did not observe any differences in cognitive performance at
the behavioral level due to the effective use of neural re-
sources by the two types of exercise. Finally, our study’s
recovery duration was very short compared to studies in-
vestigating the sustained effect of acute exercise-induced
neural correlates on cognitive function. Since the regular
accumulation of acute exercise results from chronic exer-
cise, the sustained effect of acute exercise by prolonging
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the recovery duration could be a bridge to show the effect
of chronic exercise.

5. Conclusions
In the present study, a novel comparison was at-

tempted between two types of exercise with different inten-
sities from pre-exercise over post-exercise to post-recovery.
The results showed increased cortical activation in all ROIs
from pre- to post-exercise and a decrease in the post-
recovery period along with the increase and maintenance
of cognitive performance. Also, on the behavioral level,
no difference was found between groups. HIIE, however,
showed an increase and maintenance of cortical activation
in the left motor area from post-exercise to -recovery, likely
due to an additional availability of neural resources for the
fine motor and postural control due to the high intensity of
exercise. Furthermore, it appears that the available neu-
ral resources of the frontal lobe were effectively utilized
to increase or maintain cognitive performance depending
on the conditions (sitting and walking) and the two types
of exercise (HIIE and MCE). Further studies are needed to
complement the limitations mentioned above in future stud-
ies. From the perspective of fNIRS statistical analysis, two
variables (slope and mean) were considered to interpret the
hemodynamic response data. This is a step towards explor-
ing the advantages and limitations of both parameters and a
proposal for a new alternative to fNIRS analysis.
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