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A B S T R A C T

While accumulating evidence suggests positive effects of exercise on executive function, such effects vary with
environment. In particular, exercise in a hypoxic environment (hypobaric or normobaric hypoxia), leading to
decreased oxygen supply, may dampen or cancel such effects. Thus, we further explore the relation between the
effects of hypoxic exercise on executive function and their underlying neural mechanisms by monitoring changes
of cortical activation patterns using functional near-infrared spectroscopy (fNIRS). Fifteen healthy participants
performed color-word Stroop tasks (CWST) before and after a 10 min bout of moderate-intensity exercise (50%
V̇O2peak) under normoxic and hypoxic conditions (fraction of inspired oxygen (FIO2)¼ 0.135). During the CWST,
we monitored prefrontal activation using fNIRS. CWST performance under hypoxic conditions decreased
compared with normoxic conditions. In addition, CWST-related activation in the left dorsolateral prefrontal cortex
(DLPFC) was reduced after a bout of hypoxic exercise. There was statistically significant association between
decreased CWST performance and activation in the left DLPFC. These results suggest that moderate exercise under
normobaric hypoxic conditions has negative effects on executive function by reducing task-related activations in
the DLPFC.
Introduction

Central command from the cerebral motor cortex, represented as
cortical activation, causes muscle contraction during exercise by
enhancing the drive of motor neurons. In addition to exercise-induced
activation in the cerebral motor cortex, exercise leads to improved ex-
ecutive performance acting in lateral parts of the prefrontal cortex
(Kujach et al., 2018; Byun et al., 2014; Hyodo et al., 2012; Yanagisawa et
al., 2010). However, exercise might negatively affect physical or execu-
tive performance depending on various environmental factors. For
example, maximum exercise (Chmura et al., 1994) or moderate-intensity
exercise under hypoxic conditions (fraction of inspired oxygen
(FIO2)¼ 0.125; corresponding to an altitude of 4,000m), which simu-
lates mountaineering, leads to decreased executive function (Lefferts et
al., 2016).

Regarding a potential reason for the impaired executive performance,
cerebral hypoxia, which involves a substantial decrease of percutaneous
arterial oxygen saturation (SpO2), should be considered because hypoxic
istry and Neuroendocrinology, Depar
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conditions greatly decrease SpO2. In fact, it has been reported that
memory and executive functions are reduced under severely hypoxic
conditions at altitudes exceeding 4,000m, where the blood-oxygen level
drops causing cerebral hypoxia (McMorris et al., 2017; Taylor et al.,
2016; Turner et al., 2015; Viru�es-Ortega et al., 2004). In addition, these
global changes affect cerebral oxygenation in the prefrontal cortex even
with mild- to moderate-intensity exercise under moderately hypoxic
conditions (Ando et al., 2010; Subudhi et al., 2007). Intriguingly,
transcranial magnetic stimulation studies have demonstrated that
hypoxic-exercise-induced cerebral hypoxia is related to decreased
cortical voluntary activation in the motor cortex (Goodall et al., 2012;
Rasmussen et al., 2010). Likewise, hypoxic-exercise-induced cerebral
hypoxia might further produce a negative effect on executive functions
due to reduced prefrontal activations. However, the neural substrate of
decreased executive function by hypoxic exercise is unclear. Thus, the
present study aimed to clarify the effects of moderate exercise under
normobaric hypoxic conditions on executive function and the underlying
neural mechanisms in young adults.
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In order to explore the neural basis of a possible modulation of
hypoxic-exercise-induced effects on executive functions, it is important
to establish exercise and environmental conditions. Our previous study,
combining a functional near-infrared spectroscopy (fNIRS) method and
the color-word Stroop task (CWST), showed that acute moderate-
intensity exercise improved executive function with increased task-
related activation in the left dorsolateral prefrontal cortex (DLPFC)
(Yanagisawa et al., 2010). fNIRS allows the assessment of cortical acti-
vation by measuring changes in hemodynamic responses, utilizing the
tight coupling between neuronal activity and regional cerebral blood
flow (Obrig and Villringer, 2003). Based on our previous findings, it is
possible to postulate that reduced DLPFC activation might be related to
exercise-induced executive impairment under hypoxic conditions.

To examine this hypothesis, we designed 2 experiments. In Experi-
ment 1, we examined whether a bout of moderate-intensity exercise
under normobaric hypoxic conditions (FIO2¼ 0.135; corresponding to an
altitude of 3,500m) leads to reduced executive function after exercise.
We assessed the CWST performance before and after an acute bout of
moderate physical exercise under normobaric hypoxic or normoxic
conditions. Then, in Experiment 2, we examined the effect of a bout of
moderate exercise under normobaric hypoxic conditions on executive
function focusing on changes in cortical activation patterns. Using event-
related multichannel fNIRS, we assessed the cortical activation patterns
during the CWST before and after 10min of moderate-intensity exercise
or rest under hypoxic conditions.

Materials and methods

Participants

Fourteen right-handed young adults (mean age 23.4� 2.2 years
(range 20–28 years); 1 female) participated in Experiment 1 and fifteen
right-handed young adults (mean age 20.7� 2.1 years (range 18–25
years); 8 females) participated in Experiment 2. All participants were
Japanese native speakers, healthy and naive to the experimental pro-
cedures for which they had volunteered. No participant stated a history
of neurological, psychiatric or respiratory disorders or had a disease
requiring medical care. All participants had normal or corrected-to-
normal vision and normal color vision. This study was approved by the
Institutional Ethics Committee of Tsukuba University, and was in
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accordance with the latest version of the Helsinki Declaration. All par-
ticipants were asked to refrain from exercise and the consumption of
alcohol and caffeine for at least 24 h prior to each experiment so as to
control for outside factors that could affect cardiovascular and executive
function.
Experiment 1

Experimental procedures
Experiment 1 was performed on three non-consecutive days. On the

first day, participants underwent a graded exercise test to measure their
peak oxygen uptake (V̇O2peak) and determine the appropriate individual
intensity for moderate exercise, which was defined as 50% of a partici-
pant's V̇O2peak based on the classification of physical activity intensity of
the American College of Sports Medicine (ACSM, 2014). Detailed pro-
cedures for the graded exercise test are described in the pilot study 1 of
supplementary materials. Participants practiced the CWST twice before
the main experimental conditions. A few days after the first visit, two
main experimental conditions, exercise under normobaric normoxic
(NO) or normobaric hypoxic (HY) conditions, were conducted. All par-
ticipants participated in both NO and HY conditions, each on separate
days, with the order being counterbalanced across participants (Fig. 1A).
In both conditions, participants underwent the CWST before and 15min
after 10min of moderate-intensity exercise on a recumbent cycle
ergometer at 60 revolutions per minute (rpm). This timeframe was cho-
sen because non-cortically derived physiological parameters such as
middle cerebral artery mean blood velocity (MCA Vmean) and forehead
skin blood flow (SkBFhead) increase and SpO2 and regional cerebral tissue
oxygenation decrease with a 10 min bout of exercise at a moderate in-
tensity and return to basal levels within 15min (Supplementary Fig. 1).

In the HY condition, participants breathed hypoxic gas, which was
mixture of 13.5% O2 and 0.03% CO2 in N2 (FIO2¼ 0.135), through a
mask that was connected to Douglas bags. In the NO condition, partici-
pants breathed the ambient air at sea level (normoxic gas), through a
mask that was connected to Douglas bags. Expired air was exhausted
directly outside the mask so that participants did not re-breathe it. The
participants were exposed to hypoxic or normoxic gas from 10min before
the pre-Stroop session while sitting on the cycle ergometer so that all
participants could perform the CWST after SpO2 settled. Heart rate (HR)
by heart rate monitor (V800, Polar Electro, Finland) and SpO2 by a pulse
Fig. 1. (A) Experimental procedure for normobaric
normoxic (NO) and hypoxic (HY) conditions of
Experiment 1. (B) Experimental procedure for exer-
cise (EX) and control (CTL) conditions of Experiment
2. Cortical hemodynamic changes were monitored
with functional near-infrared spectroscopy (fNIRS)
while participants performed the color-word Stroop
task in Experiment 2.
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oximeter (OLV-3100, Nihon Kodden, Japan) placed on the left earlobe
were monitored every minute. The subject's rating of perceived exertion
(RPE) (Borg, 1970) were recorded every minutes during exercise.

Experiment 2

Experimental procedures
After a graded exercise test, two main conditions, rest (CTL) or ex-

ercise (EX) under hypoxic conditions, were conducted with a counter-
balanced design on separate days. All participants participated in both
CTL and EX conditions with the order being counterbalanced across
participants (Fig. 1B). In the EX condition, participants underwent the
CWST before and 15min after a bout of moderate-intensity exercise on a
cycle ergometer at 60 rpm. In the CTL condition, participants rested
rather than exercising. In both conditions, participants underwent CWST
and either exercise and rest or only rest under hypoxic conditions as in
Experiment 1 (FIO2¼ 0.135). Participants were exposed to the hypoxic
gas as in Experiment 1. HR by heart rate monitor and SpO2 by a pulse
oximeter placed on the left earlobe were monitored every minute. RPE
were recorded every minutes during exercise. Cortical hemodynamic
changes of regions of interest (ROIs) in the lateral prefrontal cortex were
monitored with fNIRS while participants performed the CWST.

Behavioral measurements

The CWST (Kujach et al., 2018; Byun et al., 2014; Hyodo et al., 2012;
Schroeter et al., 2003, 2002; Yanagisawa et al., 2010; Zysset et al., 2001)
was adopted in an event-related design (Fig. 2). The CWST including two
rows containing letters or words was presented on a screen and partici-
pants were instructed to decide whether the color in which the letters or
word in the top row were written corresponded to the color name pre-
sented in the bottom row. Participants pressed a “yes” or “no” button
with their right forefinger or middle finger to respond. Reaction time
(RT) and error rate were measured.

The CWST consisted of three trials including 10 neutral, 10 congruent
and 10 incongruent. For neutral trials, the top row contained sets of X's
(XXXX) written in red, blue, green or yellow, and the bottom row con-
tained the words ‘RED’, ‘BLUE’, ‘GREEN’ or ‘YELLOW’ written in black.
For congruent trials, the top row contained the words ‘RED’, ‘BLUE’,
‘GREEN’ or ‘YELLOW’ written in a color congruent with that of the
bottom row. For incongruent trials, the color word in the top row was
written in an incongruent color to produce interference between the
color of the word and the color name. All words were written in Japa-
nese. The correct answer ratio assigned to yes and no was 50%. Each
stimulus was separated by an inter-stimulus interval showing a fixation
cross for 9–13 s to avoid prediction of the timing of the subsequent trial
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(Kujach et al., 2018; Byun et al., 2014; Hyodo et al., 2012). The stimulus
remained on the screen until a response was given or for 2 s. In the
present study, Stroop interference, a specifically defined cognitive pro-
cess, was adopted to elucidate the effect of an acute bout of moderate
exercise under hypoxic conditions on executive function. Therefore, the
(incongruent-neutral) contrast, which is assumed to represent Stroop
interference, was calculated.

fNIRS data acquisition

We used a multichannel fNIRS optical topography system (ETG-7000,
Hitachi Medical Corporation, Japan) set with two wavelengths of near-
infrared light (785 and 830 nm). We analyzed the optical data from
fNIRS 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, deoxygenated and total he-
moglobin (oxy-Hb, deoxy-Hb and total-Hb, respectively) concentration
changes, calculated in units of millimolar-millimeter (mM⋅mm) (Maki et
al., 1995). The sampling rate was set at 10 Hz.

fNIRS probe placement

The fNIRS probes covered the lateral prefrontal activation foci as in
previous our studies (Kujach et al., 2018; Byun et al., 2014; Hyodo et al.,
2012; Yanagisawa et al., 2010). We used two sets of 4� 4 multichannel
probe holders, involving 8 light-emitting and 8 detecting probes ar-
ranged alternately at an inter-probe distance of 3 cm, resulting in 24
channels (CH) per set. The left probe holder was placed such that a
detecting probe (between CH 4 and CH 11) was placed over FT7, with CH
7, CH 14, CH 21 parallel to the medial line. Likewise, the right probe
holder was placed such that a light-emitting probe (between CH 31 and
CH 11) was placed over FT8, with the medial edge of the probe column
parallel to the medial line.

Virtual registration of fNIRS channels to MNI space

In this study, 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 and Dan, 2014). Briefly, this
method enables us to place a virtual probe holder on the scalp by stim-
ulating the holder's deformation and by registering probes and channels
onto a reference brain in preconstructed magnetic resonance image
(MRI) database (Okamoto et al., 2004; Okamoto and Dan, 2005). We
probabilistically estimated the MNI coordinate values for the fNIRS
channels to get the most likely estimate of the location of given channels
for the group of participants and the spatial variability associated with
Fig. 2. Illustration of the color-word Stroop task (CWST).
Examples of single trials for the neutral, congruent and
incongruent trials of the CWST are presented. The presented
words were written in Japanese. Translations into English
are denoted in parentheses.



Table 1
Heart rate (HR), ratings of perceived exertion (RPE) and percutaneous arterial oxygen
saturation (SpO2) under normoxic (NO) and hypoxic (HY) conditions.

Variable Condition Before exposure
to hypoxia

Pre-
Stroop

Exercise Post-
Stroop

HR 68.6 (3.0) 69.8
(3.2)

126.9
(4.5)y

77.1
(4.1)y

RPE NO 6.4 (0.1) 11.8
(0.5)y

SpO2 98.9 (0.3) 98.8
(0.2)

98.1 (0.3) 98.4
(0.3)

HR 69.2 (2.1) 75.9
(2.5)

138.3
(3.4)*y

88.8
(3.9)*y

RPE HY 6.4 (0.2) 13.9 (0.5)
*y

SpO2 98.3 (0.4) 86.2
(1.2)*

75.6 (1.7)
*y

83.9
(1.8)*

Values are mean� SE. *p< .05 vs normoxia condition, yp< .05 vs pre-Stroop.
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the estimation (Shattuck et al., 2008; Singh et al., 2005).

Analysis of fNIRS data

In this study, neural activity related to the CWST was evaluated by
examining changes in Oxy-Hb as shown in our previous studies (Kujach
et al., 2018; Byun et al., 2014; Hyodo et al., 2012, 2016; Yanagisawa et
al., 2010). Individual timeline data for the oxy-Hb signal of each channel
were preprocessed with a band-pass filter using a cut-off frequency of
0.04 Hz to remove baseline drift and 0.3 Hz to filter out heartbeat pul-
sations. Channel-wise and subject-wise contrasts were obtained by
calculating the inter-trial mean of differences between the oxy-Hb signals
of peak (6–10 s after trial onset) and baseline (0–2 s before trial onset)
periods. The contrasts were calculated as prefrontal activation elicited by
a cognitive task and the contrasts obtained were subjected to a second
level of random effects group analysis.

Based on a method widely used in anatomical labeling systems such
as the LBPA40 (Shattuck et al., 2008), 3 or 4 neighboring channels were
combined to form each ROI. The regions included the DLPFC (left DLPFC;
channels 13, 14, 16 and 17; right DLPFC; channels 35, 36, 39 and 40), the
ventrolateral prefrontal cortex (left VLPFC; channels 2, 6 and 9; right
VLPFC; channels 26, 29 and 33) and the frontopolar area (left FPA;
channels 3, 7 and 10; right FPA; channels 25, 28 and 32). This method is
considered valid because optical properties of neighboring channels are
known to be similar (Katagiri et al., 2010). However, optical properties in
different ROIs are known to very systematically, causing systematic bias
in the statistical analysis. Thus, we limited to ROI-wise for the statistical
analyses and adopted the Bonferroni method for controlling family-wise
errors.

Statistical analysis

HR, RPE and SpO2 were subjected to repeated measures of two-way
ANOVA with condition (NO/HY in Experiment 1; CTL/EX in Experi-
ment 2) and time (before exposure to hypoxia/pre-Stroop/during exer-
cise/post-Stroop) being within-subject factors.

RT and error rate were subjected to repeated measures three-way
ANOVA with trial (incongruent/neutral), condition (NO/HY in Experi-
ment 1; CTL/EX in Experiment 2) and session (pre/post) as within-
subject factors to examine whether the general tendencies for the
Stroop task could be reproduced in all conditions. The Stroop effect
associated with acute moderate exercise on all outcome measures was
analyzed using repeated measures two-way ANOVA with condition (NO/
HY in Experiment 1; CTL/EX in Experiment 2) and session (pre/post) as
within-subject factors. When a significant F value was obtained, a post-
hoc test with the Bonferroni method for multiple correction was
applied to identify significant differences among the mean values.

The McNemar test, which is a robust nonparametric procedure
applicable for assessing correspondences between two incidences (Siegel
and Castellan, 1988), was adopted to examine the association between
exercise-affected behavioral variables and exercise-elicited cortical acti-
vation in a binominal manner. Conventional correlation analyses were
not suitable for the current data: both RT and oxy-Hb signals entail
substantial individual differences, and a subtraction procedure to
contrast out Stroop interference further jeopardizes the quantification of
each parameter and narrows the range of parameters leading to a floor
effect (Nunnally and Bernstein, 1994). Specifically, the following con-
trasts were calculated for each variable and both values were subjected to
the McNemar test: [([incongruent – neutral] of post-session) – ([incon-
gruent – neutral] of pre-session) in EX condition] – [([incongruent –

neutral] of post-session) – ([incongruent – neutral] of pre-session) in CTL
condition]. Moreover, in order to clarify the relationships between SpO2,
executive performance and task-related brain activation, we conducted
non-parametric Spearman's correlation analyses. All data are presented
as means� SE. Statistical significance was set a priori at p< .05 for all
comparisons.
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Results

Experiment 1

Physiological parameters
Table 1 summarizes the results of physiological parameters. HR, RPE

and SpO2 were subjected to repeated measures of two-way ANOVA with
condition (NO/HY) and time (before exposure to hypoxia/pre-Stroop/
during exercise/post-Stroop) being within-subject factors. There was a
significant interaction of time and condition on HR (F(3, 39)¼ 7.527,
p< .05) and RPE (F(1, 13)¼ 46.504, p< .001). We found significant
increases in HR and RPE during exercise compared with pre-Stroop
sessions in both conditions. HR and RPE were higher during exercise
under HY compared to NO conditions. There was a significant interaction
between time and condition on SpO2 (F(3, 39)¼ 74.665, p< .05). We
found a significant decrease in SpO2 during exercise compared with the
pre-Stroop session in the HY condition. Post hoc analyses showed that
SpO2 was lower during pre-Stroop, exercise and post-Stroop under the
HY condition than under the NO condition.

Executive performance: Stroop interference
We first examined whether a general tendency in the Stroop task

could be reproduced in all conditions. RT and error rate were subjected to
a repeated measures three-way ANOVA with trial (incongruent/neutral),
condition (NO/HY) and session (pre/post) being within-subject factors.
The ANOVA revealed significant main effects of trial on RT
(F(1,13)¼ 70.545, p< .001, Fig. 3A) and error rate (F(1,13)¼ 4.803,
p< .05, Fig. 3B). This analysis was limited to the main effect of the trial
because the purpose of the ANOVA was to examine the occurrence of the
Stroop effect. These results verified that Stroop interference could be
generally observed in all the sessions used in this experiment. Thus, to
clarify the effect of an acute bout of moderate exercise on a specifically
defined cognitive process, we focused on the analyses of Stroop inter-
ference (incongruent - neutral). The ANOVA for RT revealed a significant
interaction between condition and session factors (F(1,13)¼ 6.596,
p< .05) (Fig. 3C). On the other hand, there was no significant interaction
or main effect for error rate. Next, to examine the interaction for RT, we
calculated the difference of the degree of Stroop interference between
post- and pre-sessions: ([incongruent – neutral] of pre-session – [incon-
gruent – neutral] of post-session) contrasts for both the HY and NO
conditions were calculated respectively, and the difference between
them was compared. The RT difference was significantly more negative
in the HY condition than in the NO condition (t(14)¼ -2.544, p< .05,
paired t-test) (Fig. 3D). These results demonstrate that the positive effect
of exercise under NO conditions on executive performance was dimin-
ished under HY conditions.



Fig. 3. A. Comparison of reaction time (RT) between
incongruent and neutral conditions. The incongruent
condition exhibited significantly slower RT
(***p < .001). B. Comparison of error rate between
incongruent and neutral conditions. Significant
Stroop interference effects were observed (*p < .05).
C. The mean difference of RT in incongruent and
neutral trials indicating the Stroop interference for
each condition. D. Stroop interference (RT) differ-
ences between post- and pre-sessions for each con-
dition. Stroop interference differences are
significantly more positive in the hypoxic condition
than in the normoxic condition (*p < .05). Error bars
indicate standard error.
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Association between executive performance and SpO2
We examined the association between the Stroop-interference-related

RT delay and SpO2 reduction with exercise under HY conditions. There
was no correlation between RT for Stroop interference and SpO2 reduc-
tion during exercise under HY conditions (r¼�0.204, p¼ .483).
Experiment 2

Physiological parameters
Table 2 summarizes the results of physiological parameters. HR, RPE

and SpO2 were subjected to repeated measures of two-way ANOVA with
condition (CTL/EX), and time (before exposure to hypoxia/pre-Stroop/
during exercise/post-Stroop) being within-subject factors. There was a
significant interaction of time and condition on HR (F(3, 42)¼ 178.761,
p< .001) and RPE (F(1, 14)¼ 110.740, p< .001). We found significant
increases in HR during exercise and post-CWST compared with pre-
Table 2
Heart rate (HR), ratings of perceived exertion (RPE) and percutaneous arterial oxygen
saturation (SpO2) under normobaric hypoxia (FIO2¼ 0.135).

Variable Condition Before exposure to
hypoxia

Pre-
Stroop

Exercise Post-
Stroop

HR 72.9 (2.3) 80.0
(2.4)

79.5 (2.3) 80.1
(2.5)

RPE CTL 7.1
(0.4)

7.6 (0.5)

SpO2 98.8 (0.4) 91.0
(0.7)

90.3 (0.8) 91.2
(0.6)

HR 76.0 (3.0) 83.0
(2.5)

134.3
(2.5)*y

92.2
(2.0)*y

RPE EX 7.1
(0.3)

12.7 (0.5)
*

SpO2 98.8 (0.3) 89.3
(0.9)

81.7 (1.4)
*y

88.9
(0.8)

Values are mean� SE. *p< .05 vs CTL condition,yp< .05 vs pre-Stroop.
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CWST sessions in the EX condition. HR during exercise and post-CWST
in the EX condition was higher than that in the CTL condition. RPE
significantly increased during exercise in the EX condition, and was
higher during the EX condition than the CTL condition. There was a
significant interaction between time and condition on SpO2 (F(3,
42)¼ 39.879, p< .05). Post-hoc analyses showed that SpO2 during ex-
ercise was lower than that during the pre-CWST session in the EX con-
dition. Moreover, SpO2 during exercise was lower in the EX condition
than in the CTL condition.

Cognitive test results: Stroop interference
We first examined whether a general tendency in the CWST could be

reproduced in all the conditions used in this experiment. RT and error
rate were subjected to repeated measures of three-way ANOVA with trial
(incongruent/neutral), exercise (CTL/EX) and session (pre/post) being
within-subject factors. The ANOVA for RT and error rate revealed sig-
nificant main effects of trial (F(1, 14)¼ 64.966, p< .001 (Fig. 4A) and
F(1, 14)¼ 19.217, p< .005 (Fig. 4B), respectively). As aforementioned,
analysis was limited to main effects of the trial. These results verified that
Stroop interference could be generally observed in all the sessions used in
this experiment. To clarify the effect of an acute bout of moderate ex-
ercise on a specifically defined cognitive process, we focused on the
analyses of Stroop interference. The (incongruent – neutral) contrast that
is assumed to represent Stroop interference was calculated and subjected
to repeated measures two-way ANOVA with condition (CTL/EX) and
session (pre/post) being within-subject factors. The ANOVA for RT
revealed a significant interaction between exercise and session factors
(F(1, 14)¼ 5.218, p< .05) (Fig. 3C). There was no significant interaction
or main effect for error rate. Next, to examine the interaction, we
calculated the difference in the degree of Stroop interference between
post- and pre-sessions: ([incongruent – neutral] of pre-session – [incon-
gruent – neutral] of post-session) contrasts for both the CTL and EX
conditions were calculated respectively, and the difference between
them was compared. The RT difference was significantly more negative



Fig. 4. A. Comparison of reaction time (RT) between
incongruent and neutral conditions. The incongruent
condition exhibited significantly slower RT
(***p < .001). B. Comparison of error rate between
incongruent and neutral trials. Significant Stroop
interference effects were observed (**p < .01). C.
Mean difference of RTs in incongruent and neutral
conditions indicating Stroop interference for each
condition. D. Stroop interference (RT) differences
between post- and pre-sessions for each condition.
Stroop interference differences are significantly more
positive in the exercise (EX) condition than in the
control (CTL) condition (*p < .05). Error bars indi-
cate standard error.
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in the EX condition than in the CTL condition (t(15)¼�2.284, p< .05,
paired t-test) (Fig. 4D). These results demonstrate that an acute bout of
moderate exercise under hypoxic conditions causes a significant decrease
in executive performance.
fNIRS results

First, we focused on the cortical regions associated with CWST.
Among the 4 sessions of the current study, pre-EX and pre-CTL conditions
were free from any effects of exercise or prolonged rest periods under
hypoxic conditions. Fig. 5 illustrates the cortical regions associated with
neutral and incongruent trials and Stroop interference for both pre-EX
and pre-CTL conditions. The cortical activations related to neutral trials
were significant in the bilateral VLPFC and FPA, and those related to
incongruent trials were significant in all ROIs (one-sample t-test, p< .05,
Bonferroni-controlled). The prefrontal activation of the left and right
DLPFC was only observed in incongruent trials. This suggests that this
activation represents Stroop interference. Therefore, we averaged the
(incongruent – neutral) contrasts for these two conditions for each sub-
ject before the group analyses and performed a ROI-wise analysis.
However, although small effect sizes of cortical activations related to
Stroop interference were found in all ROIs (l-DLPFC: 0.16, r-DLPFC: 0.20,
l-VLPFC: 0.58, r-VLPFC: 0.40, l-FPA: 0.19 and r-FPA: 0.32), there were no
significant cortical activations related to Stroop interference in any ROI
(one-sample t-test, n.s.). In our preliminary experiment, we confirmed
that the prefrontal activation related to Stroop interference was smaller
in all ROIs under hypoxic conditions compared with normoxic conditions
even though CWST performance did not change (Supplementary Fig. 2).
These results are similar to a previous animal fMRI study (Sumiyoshi et
al., 2012). Thus, although Stroop-interference-related activation
decreased under hypoxic conditions, prefrontal activation related to
Stroop interference occurred in all ROIs. The timelines of oxy-Hb and
deoxy-Hb during the Stroop task for all ROIs are shown in Supplementary
Fig. 3.
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Since increased RT for Stroop interference (incongruent - neutral) due
to moderate exercise under hypoxic conditions was confirmed in
Experiment 1, we assessed the effects of moderate exercise under hypoxic
conditions on prefrontal activation focusing on Stroop interference. The
(incongruent – neutral) contrasts were analyzed with repeated measures
of two-way ANOVA including exercise (EX/CTL) and session (pre/post)
as within-subject factors. In this design, the effect of an acute bout of
moderate exercise on Stroop interference was expected to appear as an
interaction between the two factors because pre-EX and pre-CTL were
virtually identical. The ANOVA performed on each of the six ROIs
revealed significant interaction in the l-DLPFC (F(1, 14)¼ 10.708,
p< .05, Bonferroni-corrected) (Fig. 6A). There were no significant dif-
ferences between pre-sessions (EX vs CTL) in the l-DLPFC (t(15)¼ 0.084,
p¼ .934). To clarify the exercise–session interaction in the l-DLPFC ROIs,
differences in hemodynamic response due to Stroop interference be-
tween post- and pre-sessions were analyzed. Oxy-Hb signal differences in
response to Stroop interference in the l-DLPFC was significantly lower in
the EX condition than in the CTL condition (t(15)¼ 3.272, p< .05,
paired t-test) (Fig. 6B). There were, however, no significant interactions
or main effects for deoxy-Hb. Oxy-Hb signal changes related to Stroop
interference in all six ROIs for EX and CTL sessions are shown in Sup-
plementary Fig. 4.

Association between cognitive test and fNIRS results

We examined the association between Stroop-interference-related
lengthening of RT and exercise-induced reduced activations in the l-
DLPFC using the McNemar test. As indicated in Table 3, the frequency of
coincidence was significant (X2mc(1, 14)¼ 8.1, p< .005). Thus, we
concluded that the reduced executive performance as observed in RT
reflecting Stroop interference and the reduced l-DLPFC activations eli-
cited by exercise under hypoxic conditions significantly coincided.



Fig. 5. Cortical activation patterns during the Stroop task for pre-sessions in the exercise condition (pre-EX) and in the control condition (pre-CTL). Presented data
are based on averaged data between pre-EX and pre-CTL sessions. The 3 graphs in the upper row (A) show the timelines for oxygenated hemoglobin (oxy-Hb) and
deoxygenated hemoglobin (deoxy-Hb) signals for the left dorsolateral prefrontal cortex (l-DLPFC) as a representative region for the 6 ROIs. Error bars indicate
standard error at given time points. Each timeline is adjusted to the average value of the baseline period (set as 0). Oxy-Hb and deoxy-Hb signals are shown in
units of mM⋅mm. Periods of peak cortical activation for oxy-Hb (6–10 s after the task onset) and baseline (2–0 s before the task onset) are shown for the Stroop-
interference condition. The bottom 3 figures (B) are t-maps of oxy-Hb signal change reflecting the Stroop interference effect (incongruent – neutral). T-values are
shown according to the color bar. None of the 6 ROIs (bilateral dorsolateral prefrontal cortex (DLPFC), ventrolateral prefrontal cortex (VLPFC) and frontopolar
area (FPA)) exhibited significant Stroop interference.

Fig. 6. (A) Box-and-whisker plots for Stroop inter-
ference for oxy-Hb signal in rest (CTL) and exercise
(EX) conditions. The tops and bottoms of the boxes
are third and first quartiles, respectively. The upper
and lower ends of the whiskers represent the highest
data points within 1.5 interquartile ranges of the
upper quartiles and the lowest data points within 1.5
interquartile ranges of the lower quartiles, respec-
tively. The bands inside the boxes indicate medians.
The x's show averages. (B) Oxy-Hb signal differences
(post - pre) for the EX condition are significantly
lower than those for the CTL condition (*: p < .05).
Error bars indicate standard errors.
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Association between SpO2, cognitive test and fNIRS results

First, we examined the correlation between the Stroop-interference-
related RT delay and SpO2 reduction induced by exercise under hypox-
ic conditions. There was no notable correlation between the RT and SpO2
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(r¼ 0.096, p¼ .732). Second, we examined the correlation between
reduced activation in the l-DLPFC and SpO2 reduction induced by exer-
cise under hypoxic conditions. There was no notable correlation between
l-DLPFC activation and SpO2 reduction during exercise under hypoxic
conditions (r¼�0.318, p¼ .248).



Table 3
Contingency tables for McNemar test.

RT Total

– þ
Oxy-Hb signal – 3 10 13

þ 0 2 2
Total 3 12 15

Frequency of exercise-induced Stroop-interference-related increased RT and Stroop-
interference-related oxy-Hb increase in the l-DLPFC is summarized.
Key: oxy-Hb, oxygenated hemoglobin; L-DLPFC, left dorsolateral prefrontal cortex; RT,
reaction time.
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Discussion

The present study aimed to explore, using fNIRS, the neural basis of
exercise-induced cognitive underperformance caused by exercise per-
formed under hypoxic conditions. To our knowledge, this study presents
the first experimental evidence for the negative effects of an acute bout of
moderate exercise under normobaric hypoxic conditions on an executive
process that resulted in reduced Stroop-task-related cortical activations
in the l-DLPFC.

Behavioral measurements for moderate hypoxic exercise (Experiment
1) revealed a shorter RT and lower error rate in the neutral trials than in
the incongruent trials. Thus, we confirmed that Stroop interference could
be stably induced before and after an acute bout of moderate exercise in
both conditions. Based on these data, we first compared the effect of an
acute bout of moderate exercise under hypoxic and normoxic conditions
on Stroop interference. An acute, 10 min bout of moderate exercise under
normoxic conditions enhanced executive performance related to Stroop
interference. This is consistent with previous studies that have demon-
strated that an acute bout of moderate exercise enhances inhibitory
control functions (Yanagisawa et al., 2010). Conversely, an acute, 10 min
bout of moderate exercise under hypoxic conditions nullified the
enhancing effect. Intriguingly, this might represent a mutual effect of
hypoxia and moderate exercise because hypoxia alone did not affect
Stroop interference. These results suggest that an acute bout of moderate
exercise under hypoxic conditions can lead to decreased executive
performance.

Moreover, we examined the effect of an acute bout of moderate ex-
ercise on Stroop interference compared with a rest condition under
hypoxic conditions in Experiment 2. The results revealed that moderate
exercise under hypoxic conditions (FIO2¼ 0.135) had a negative effect
on Stroop interference compared to that of rest under hypoxic conditions.
Thus, we present another line of evidence in support of cognitive
underperformance caused by hypoxic exercise. These results are consis-
tent with previous studies that have demonstrated that an acute bout of
exercise under hypoxic conditions results in reduced inhibitory control
functions (Lefferts et al., 2016). However, with regard to error rate, we
did not find any significant exercise effect. Because the change in error
rate had a small range of below 8%, the current experimental conditions
may provide unreliable measurement of performance due to the floor
effect (Nunnally and Bernstein, 1994).

Next, we sought the neural substrates for the exercise-induced exec-
utive underperformance observed under hypoxic conditions. In pre-
sessions, which were compatible with ordinary Stroop-task experi-
ments without any exercise effect, we observed a small effect size of oxy-
Hb signal increase associated with Stroop interference (incongruent –

neutral contrast) in the bilateral DLPFC (left: 0.16, right: 0.20), VLPFC
(left: 0.58, right: 0.40) and FPA (left: 0.19, right: 0.32) under hypoxic
conditions. In contrast, our recent findings (Byun et al., 2014) showed
that bilateral DLPFC, VLPFC and FPA activations were significantly
increased during corresponding conditions under normoxic conditions.
An animal fMRI study reported that a mild hypoxic condition reduced
hemodynamic responses to electrical stimulation in the forepaw, but
electroencephalography (EEG) responses remained unchanged compared
with the normoxic condition (Sumiyoshi et al., 2012). In our preliminary
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experiment as well, the prefrontal activation related to Stroop interfer-
ence was smaller in all ROIs under hypoxic conditions compared with
normoxic conditions even though CWST performance did not change
(Supplementary Fig. 2). This is in line with the current results that the
prefrontal activation associated with Stroop interference was smaller in
all ROIs for hypoxic conditions than for normoxic conditions, despite
CWST performance not changing. Therefore, the oxy-Hb responses for
the CWST may be smaller with hypoxia, despite the activity caused by
Stroop interference.

In the subsequent analysis, we examined the brain regions activated
after exercise. Since the RT for Stroop interference was elongated by
exercise under hypoxic conditions, we assessed activation of the pre-
frontal cortices, which are typically recruited for Stroop interference. We
found that only activation of the l-DLPFC decreased significantly, and this
coincided with the prolonged RT. These results provide experimental
evidence that the l-DLPFC is the neural substrate of reduced executive
performance after an acute bout of moderate exercise under hypoxic
conditions.

Hereafter, we will attempt to interpret the current findings from a
neurophysiological point of view. Cerebral blood flow increases as
arterial saturation of oxygen falls in order to sustain brain activity
(Julien-Dolbec, 2002; Koehler et al., 1984; Ulatowski et al., 1998). In
addition, greater flow is directed to structures in the basal ganglia and
diencephalon (e.g., nucleus accumbens, putamen, pallidum, caudate and
thalamus), possibly to maintain essential homeostatic functions, even at
the cost of reduced cognitive performance (Binks et al., 2007). Under
moderately hypoxic conditions (FIO2¼ 0.135), increasing blood flow in
the prefrontal cortex may be sufficient for maintaining CWST perfor-
mance. However, here we show that moderate exercise under hypoxic
conditions leads to reduced SpO2 and that executive performance after
hypoxic exercise decreases. SpO2 and prefrontal oxygenation have a
positive correlation (Eichhorn et al., 2015), so cerebral oxygenation
could be lower during exercise under hypoxic conditions than during rest
under hypoxic conditions. One possible explanation for this is that since
during exercise under hypoxic conditions there is competition for blood
flow distribution between skeletal muscles and the brain (Verges et al.,
2012), the oxygen supply to the prefrontal cortex is reduced, and thus
may cause cerebral hypoxia. Previous studies have shown that moderate
exercise under normobaric hypoxic conditions (FIO2¼ 0.10; approxi-
mately equivalent to an altitude of 5,500m) leads to a decreased cerebral
metabolism rate for oxygen (CMRO2) (Rasmussen et al., 2010), and that a
reduction in CMRO2 with exposure normobaric hypoxic conditions
(FIO2¼ 0.08; approximately equivalent to an altitude of 7,500m) does
not return to the baseline after re-oxygenation (Tichauer et al., 2006).
Thus, we postulate that, in this study, prefrontal activation may have
decreased during exercise under hypoxic conditions, and this state may
have been sustained even after exercise.

In conclusion, the current study reveals that an acute bout of mod-
erate exercise under normobaric hypoxic conditions leads to decreased
executive function and reduced activation of the l-DLPFC. We believe
that the exercise experiments used in this study provide a useful model to
account for decreased executive function induced by high-altitude ex-
ercise through the induction of cerebral hypoxia. In the future, we will
examine, in greater detail, the relationship between oxygen concentra-
tion and exercise intensity under hypoxic conditions, and how such
conditions may lead to decreased executive function. In so doing, we
hope to elucidate a plausible mechanism for the reduced cognitive
function (cognitive fatigue) involved in maximum exercise, high-altitude
training and mountaineering, and to prevent the accidents and negative
effects associated with such activities.
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