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Abstract
Although it has been traditionally thought that decreasing  SpO2 with ascent to high altitudes not only induces acute moun-
tain sickness but also can decrease executive function, the relationship between decreased  SpO2 levels and hypoxia-induced 
lowered executive function is still unclear. Here we aimed to clarify whether hypoxia-induced lowered executive function 
was associated with arterial oxygen desaturation, using 21 participants performing the color–word Stroop task under nor-
moxic and three hypoxic conditions  (FIO2 = 0.165, 0.135, 0.105; corresponding to altitudes of 2000, 3500, and 5000 m, 
respectively). Stroop interference significantly increased under severe hypoxic condition  (FIO2 = 0.105) compared with the 
other conditions. Moreover, there was a negative correlation between Stroop interference and  SpO2. In conclusion, acute 
exposure to severe hypoxic condition decreased executive function and this negative effect was associated with decreased 
 SpO2. We initially implicated an arterial oxygen desaturation as a potential physiological factor resulting in hypoxia-induced 
lowered executive function.
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Introduction

Currently, as an increasing number of sea-level residents 
access mountains for leisure (e.g., skiing, trekking, and 
mountaineering) or work (e.g., astronomers, miners, and 
guides), there is great interest in the impact of increasing 
altitude on cerebral functions. Barometric pressure decreases 
with ascent to high altitudes, resulting in a reduction in 

percutaneous arterial oxygen saturation  (SpO2). In the tra-
ditional perspective, decreasing  SpO2 at high altitudes not 
only causes acute mountain sickness, including headaches, 
nausea, and insomnia [1], but also can induce negative 
neuropsychological effects such as lowered executive func-
tion acting in the prefrontal cortex [2–5]. There is evidence 
supporting the hypothesis that acute exposure to severe 
hypoxic conditions at altitudes exceeding 5000 m (fraction 
of inspired oxygen  (FIO2) = 0.100), where  SpO2 decreased 
below 80%, decreases executive function in healthy young 
adults [6, 7]. Although it is generally considered that cog-
nitive performance markedly decreases as the severity of 
hypoxic conditions increase, there is no empirical evidence 
directly examining the relationship between  SpO2 and 
hypoxia-induced lowered executive function.

The color–word Stroop task (CWST) is widely used in 
experimental and clinical settings to measure executive func-
tions based in the prefrontal cortex [8, 9], and is often used 
in experiments using hypoxic conditions [10–12]. Behavio-
ral performance in the CWST is usually measured by com-
paring the delayed reaction time (RT) that occurs when a 
subject names a color in the incongruent trial (e.g., the word 
“YELLOW” printed in red ink) with that of the neutral trial 
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(e.g., the word “XXXX” printed in red ink). This time delay 
is referred to as Stroop interference. However, previous stud-
ies did not evaluate the Stroop interference [10–12], and the 
impact of expose to hypoxic conditions on executive func-
tion is unclear. In this study, we used the CWST and meas-
ured Stroop interference to evaluate the executive function 
and postulated that exposure to hypoxic conditions may also 
increase Stroop interference, which appears as a slowdown 
in reaction time, reflecting lowered executive function.

Here we thus postulate that arterial oxygen desaturation is 
related to lowered executive function. To examine this issue, 
we aimed to clarify whether lowered executive function is 
associated with arterial oxygen desaturation in a crossover, 
within-subject design under hypoxic conditions with differ-
ent oxygen concentrations. We examined the influence on 
executive function of acute exposure to hypoxic gas mixtures 
with different oxygen concentration  (FIO2 = 0.209, 0.165, 
0.135, 0.105; corresponding to altitudes of 0, 2000, 3500, 
5000 m), in which  SpO2 gradually decreases.

Methods

Participants

This study was approved by the Institutional Ethics Com-
mittee of University of Tsukuba, and was in accordance 
with the latest version of the Helsinki Declaration. Twenty-
one right-handed young adults [mean age 20.5 ± 2.5 years 
(range, 18–29 years); seven females] participated in this 
study. No participant stated a history of respiratory, neuro-
logical, or psychiatric disorders, or had a disease requiring 
medical care. All participants had normal or corrected-to-
normal vision and normal color vision and were Japanese 
native speakers, and naive to the experimental procedures 
for which they had volunteered. All participants 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.

Experimental procedures

The participants underwent four conditions in 2 days: nor-
moxic, mild hypoxic (mild;  FIO2 = 0.165), moderate hypoxic 
(moderate;  FIO2 = 0.135), and severe hypoxic (severe; 
 FIO2 = 0.105) conditions (Fig. 1). Participants attended two 
conditions per day, and the order was randomized across par-
ticipants. An interval of at least 48 h was imposed between 
the first day and the second day. We set 10 min rest between 
the conditions and confirmed that participants’ heart rates 
(HR) and  SpO2 have returned to the basal levels before they 
breathed a gas. In all conditions, participants performed the 

CWST after 10-min exposure to each gas so that all partici-
pants could perform the CWST after their  SpO2 had settled. 
Each gas was breathed from a mask that was connected to 
Douglas bags. Expired air was directly exhausted outside the 
mask so that the participants did not re-breathe the expired 
air. Normoxic gas was room air at sea level. Hypoxic gas 
was a mixture of 16.5%  O2 (mild) or 13.5%  O2 (moderate) or 
10.5%  O2 (severe) with 0.03%  CO2 in nitrogen  N2. Ventila-
tion (VE), respiratory rate (RR) and end-tidal carbon diox-
ide pressure  (PEtCO2) were measured by breath-by-breath 
measurements every 15 s using an Aero-monitor (AE-300 s, 
Minato Medical Science, Japan). HR by heart rate monitor 
(V800, Polar Electro, Finland) and  SpO2 by a pulse oximeter 
(OLV-3100, Nihon Kohden, Japan) placed on the left earlobe 
were monitored every minute (See Fig. 2  for an overview of 
experimental setup). 

Behavioral measurements

In the current study, we used the CWST [13–17] in an event-
related design (Fig. 3). Two rows of letters were shown on 
the screen and participants were instructed to decide whether 
the color of the letters in the top row corresponded to the 
color name presented in the bottom row. Participants pressed 
a “yes” or “no” button with their right forefingers or middle 
finger to respond.

Each experimental session consisted of 30 trials includ-
ing ten neutral, ten congruent, and ten incongruent trials 
presented in random order. For neutral trials, the top row 
contained groups of X’s (XXXX) printed in red, green, blue, 
or yellow. For congruent trials, the top row contained the 
words ‘RED’, ‘GREEN’, ‘BLUE’, or ‘YELLOW’ printed 
in a color congruent with the color word. For incongruent 
trials, the color word in the top row was printed in an incon-
gruent color to produce interference between color word and 
color name. For each trial, the bottom row contained the 
words ‘RED’, ‘GREEN’, ‘BLUE’, or ‘YELLOW’ printed 
in black. All words were written in Japanese. The correct 
answer ratio assigned to yes and no was 50%. The stimulus 
remained on the screen until the response was given, or for 

Fig. 1  Experimental procedure of four conditions (normoxic, mild, 
moderate, severe hypoxic conditions) in this study. All participants 
performed the CWST under four conditions
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2 s. Each trial 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 [13, 15]. We measured RT 
and error rate. In addition, the (incongruent-neutral) differ-
ence, which is assumed to represent Stroop interference, was 
calculated. Prior to the experiment, two practice sessions 
were performed.

Statistical analysis

All data are presented as mean ± SE. Statistical significance 
was set a priori at p < 0.05 for all comparisons. A one-way 
repeated measures ANOVA (normoxia/mild/moderate/
severe) was performed on HR and  SpO2, followed by Bon-
ferroni post hoc test. The RT and error rates of the CWST 
were subjected to two-way repeated measures ANOVA with 
trial (incongruent/neutral) and condition (normoxic/mild 
hypoxic/moderate hypoxic/severe hypoxic) as within-subject 
factors to examine whether the general tendencies for the 
Stroop task could be reproduced in all conditions. Because 
the purpose of the ANOVA was to examine occurrences of 
the Stroop effect, we limited the range of our analysis to the 
main effect of task. The Stroop effect was analyzed using 
one-way repeated measures ANOVA followed by Bonferroni 
post hoc test. Moreover, in order to clarify the relationships 
between executive underperformance and  SpO2, we per-
formed Pearson correlation analyses between RT in Stroop 
interference and  SpO2.

Results

Physiological parameters

Table 1 and Fig. 4 summarize the results of the physiological 
parameters during the CWST in all conditions. There was a 
main effect on HR, VE, and  SpO2 (HR: F(3, 60) = 31.745, 
p < 0.001; VE: F(3, 60) = 3.727, p < 0.05;  SpO2: F(3, 
60) = 236.94, p < 0.001). HR in the severe hypoxic con-
dition significantly increased compared with those in the 
normoxic, mild, and moderate conditions (p < 0.05, Bon-
ferroni-corrected). Moreover, HR in the moderate hypoxic 
condition significantly increased compared with those in the 
normoxic and mild hypoxic conditions.  SpO2 in the severe 

Fig. 2  Representative photo of experimental manipulation. In all con-
ditions, participants breathed sample gases from a mask that was con-
nected to Douglas bags. Heart rate (HR) by heart rate monitor and 
percutaneous arterial oxygen saturation  (SpO2) by a pulse oximeter 
placed on the left earlobe were monitored every minute. Participants 
performed the CWST after 10 min exposing to each gas

Fig. 3  Illustration of the color–word Stroop task (CWST). Examples 
of single trials for the neutral, congruent, and incongruent trials of 
the CWST are shown. For the top three examples, the correct answer 
is “No”. For the bottom three examples, the correct answer is “Yes”. 
The presented letters were written in Japanese. Translations into Eng-
lish are denoted in parentheses

Table 1  Heart rate (HR), 
ventilation (VE), respiratory 
rate (RR), and end-tidal carbon 
dioxide pressure  (PEtCO2) 
under four conditions

Values are mean (SE). *p < 0.05 vs. normoxia, †p < 0.05 vs. mild hypoxia, ‡p < 0.05 vs. moderate hypoxia

Condition HR (beats/min) VE (l/min) RR (beats/min) PEtCO2 (Torr)

Normoxic condition 73.5 (1.4) 8.9 (0.3) 14.4 (0.7) 39.2 (0.5)
Mild hypoxic condition 75.1 (1.6) 9.0 (0.2) 15.0 (0.7) 39.0 (0.5)
Moderate hypoxic condition 78.7 (1.6)* 9.4 (0.3) 15.1 (0.7) 39.1 (0.4)
Severe hypoxic condition 86.5 (1.9)*,†,‡ 9.8 (0.3) 13.9 (0.7) 38.2 (0.5)
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hypoxic condition was significantly lower compared with 
those in the normoxic, mild, and moderate hypoxic condi-
tions (p < 0.05, Bonferroni-corrected). Moreover,  SpO2 in 
the moderate hypoxic condition was significantly lower com-
pared with those in the normoxic and mild hypoxic condi-
tions, and  SpO2 in the mild hypoxic condition was signifi-
cantly lower compared with that in the normoxic condition 
(Fig. 4; p < 0.05, Bonferroni-corrected). 

Cognitive test results: Stroop interference

First, we examined whether a general tendency in the Stroop 
task could be reproduced in all the conditions used in this 
study. Reaction time (RT) and error rate were subjected to 
a repeated-measure two-way ANOVA with trial (incon-
gruent/neutral) and condition (normoxia/mild/moderate/
severe) being within-subject factors. The ANOVA for RT 
and error rate exhibited significant main effects of task 
(F(1,20) = 185.015, p < 0.001, Fig. 5a, and F(1,20) = 19.896, 
p < 0.001, Fig. 5b, respectively). These results verified that 
Stroop interference could be generally observed in all the 

conditions used in this study. To clarify the effect of expo-
sure hypoxic conditions on a specifically defined cognitive 
process, we focused on the analyses of Stroop interference. 
The one-way ANOVA for RT in Stroop intereference (incon-
gruent–neutral) showed a significant main effect of condi-
tions (Fig. 6; F(3, 60) = 5.847, p < 0.01). Post hoc analyses 
showed that RT in the severe hypoxic condition was sig-
nificantly slower compared with the other three conditions 
(p < 0.05, Bonferroni-corrected). On the other hand, there 
was no significant main effect for error rate. 

Association between cognitive performance 
and  SpO2

We examined the association between Stroop-interference-
related reaction time and  SpO2 under all conditions. There 
was a significant negative correlation between RT in Stroop 
interference and  SpO2 (Fig. 7; r = − 0.293, p < 0.01).

Fig. 4  The box-and-whisker plots for  SpO2 under normoxic (0), mild 
(2000), moderate (3500), and severe (5000) hypoxic conditions. The 
tops and bottoms of the boxes are third and first quartiles, respec-
tively. The upper and lower ends of the whiskers represent the high-
est 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, respectively. The bands inside the boxes indicate medians. 
The x’s show averages. *p < 0.05 vs. normoxic condition, †p < 0.05 
vs. mild hypoxic condition, ‡p < 0.05 vs. moderate hypoxic condition

Fig. 5  The mean of reac-
tion times (a) and error rates 
(b) in the incongruent and 
neutral trials for each condi-
tion (normoxic; 0, mild; 2000, 
moderate; 3500, severe; 5000). 
Incongruent trials exhibited 
significantly slower reaction 
times and greater error rates 
(***p < 0.005). Error bars 
indicate standard error

Fig. 6  The mean difference of reaction times in incongruent and 
neutral conditions indicating the Stroop interference for each condi-
tion (normoxic; 0, mild; 2000, moderate; 3500, severe; 5000). Stroop 
interferences in RT were significantly slower in the severe condition 
(5000) than in another conditions (*p < 0.05, Bonferroni-corrected). 
Error bars indicate standard error
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Discussion

The present study aimed to clarify the effect of hypoxic 
conditions on executive function and underlying mecha-
nism with a focus on  SpO2. We thus examined whether 
exposing subjects to acute normobaric hypoxic conditions 
 (FIO2 = 0.165, 0.135, 0.105; corresponding to altitudes of 
2000, 3500, and 5000 m) decreases CWST performance, 
and if the performance decreases, whether decreasing CWST 
performance is related to  SpO2. The results revealed that 
Stroop interference in RT increased under severe hypoxic 
conditions relative to normoxic, mild, and moderate hypoxic 
conditions. Furthermore, there was a significant negative 
correlation between Stroop interference in RT and  SpO2. 
To our knowledge, this study presents the first empirical 
evidence that lowered executive function is related to arterial 
oxygen desaturation.

Behavioral measurements for all conditions 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 after acute exposure 
in all conditions. Based on these results, we examined the 
effect of acute exposure to hypoxic conditions on Stroop 
interference and found an acute exposure to severe hypoxic 
condition  (FIO2 = 0.105; corresponding to an altitude of 
5000 m) increased RT in Stroop interference compared 
with normoxic, mild, and moderate hypoxic conditions. 
This is consistent with result of Phillips et al. [6] reporting 
that acute exposure to severe normobaric hypoxic condi-
tion  (FIO2 = 0.099; corresponding to an altitude of 5486 m) 
increased RT in a choice response task. These results sug-
gest that normobaric hypoxic conditions under severe con-
ditions 5000 m, where  FIO2 decreased to 0.105, greatly 
impairs executive performance.

Next, we attempted to explore the physiological mecha-
nisms underlying the lowered executive function. Cerebral 

hypoxia, which is caused by arterial oxygen desaturation 
and decreasing cerebral blood flow (CBF), is considered an 
important factor in lowered executive function. Since  SpO2 
levels are positively correlated with prefrontal oxygenation, 
prefrontal oxygenation can be affected by  SpO2 [18–20]. 
Interestingly,  SpO2 level, which proportionally decreases 
relative to the severity of hypoxic conditions, was positively 
correlated with lowered executive performance in the cur-
rent study. This is consistent with previous studies demon-
strating that cognitive performance markedly decreases as 
the severity of hypoxic conditions increase [4, 5, 10]. Fur-
thermore, the meta-regression analysis showed that  PaO2 
levels could be the key predictor of cognitive decline [2]. 
Therefore, these results provide the first experimental evi-
dence suggesting that  SpO2 is associated with executive per-
formance under hypoxic conditions in a crossover, within-
subject design. In addition to arterial oxygen desaturation, 
cerebral vasoconstriction induced by hyperventilation can 
affect prefrontal oxygenation through CBF restriction [21, 
22]. In this study, ventilation was increased under severe 
hypoxic conditions compared with normoxic conditions, 
however,  PEtCO2, which is related to changes in CBF [23], 
was maintained under all conditions. Thus, we concluded 
that hyperventilation-induced restriction of CBF had not 
occurred even under the severe hypoxic conditions in this 
study. These results suggest that the contribution of CBF 
restriction to cerebral hypoxia was smaller than that of arte-
rial oxygen desaturation. Supporting this interpretation, VE 
and  PEtCO2 were not significantly correlated with Stroop 
interference in the present study.

As a neural substrate underlying lowered executive per-
formance under severe hypoxic conditions, dysfunction 
of the lateral prefrontal cortex would be involved. Previ-
ous neuroimaging studies revealed that Stroop interference 
assessing executive function is associated with the anterior 
cingulate cortex (ACC) and dorsolateral prefrontal cor-
tex (DLPFC) activation [24–26]. We previously showed 
that decreasing left DLPFC activation leads to decreased 
CWST performance after an acute bout of moderate exer-
cise under hypoxic conditions [27]. Furthermore, decreasing 
left DLPFC activation by single-pulse transcranial magnetic 
stimulation (TMS) was related to a decline in TMT task 
performance [28]. These results lead us to postulate that 
decreasing CWST performance under severe hypoxic con-
ditions could be caused by decreased activation in several 
prefrontal areas, especially in left DLPFC, with arterial oxy-
gen desaturation.

Several limitations of the present study should be noted. 
First, we did not measure any parameters on cerebral oxygen 
delivery such as on cerebral oxygenation and CBF. Although 
we showed a significant correlation between  SpO2 and Stroop 
interference, there is a possibility that cerebral oxygenation or 
CBF were involved. Future studies should directly measure 

Fig. 7  Association between Stroop interference in reaction times and 
 SpO2 under all conditions (normoxic: blue, mild: green, moderate: 
orange, severe: red)
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cerebral oxygenation, CBF, and cerebral oxygen delivery and 
clarify the mechanisms of lowered executive function under 
hypoxic conditions. Also, we did not measure cortical activa-
tion during CWST, thus the neural substrate of lowered execu-
tive function under severe hypoxic conditions is unclear. Our 
previous study, using a functional near-infrared spectroscopy 
(fNIRS) method, showed that acute exercise improved execu-
tive function with increased task-related activation [13–16] 
and decreasing left DLPFC activation leads to decreased 
CWST performance after an acute bout of moderate exercise 
under hypoxic conditions [28]. Future studies should be done 
to reveal the neural basis of executive function decline under 
severe hypoxic conditions by making an experimental model 
for using fNIRS.

In conclusion, the current study revealed that acute expo-
sure to severe hypoxic conditions resulting in lowered execu-
tive function depends on decreased  SpO2. We thus implicate 
arterial oxygen desaturation as a potential physiological 
factor resulting in hypoxia-induced lowered executive func-
tion. The present study contributes to shedding light on how 
hypoxic conditions such as high altitude impact executive 
performance.
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