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Introduction: Hypoxia due to reduced partial pressure of oxygen from high-
altitude exposure affects the cognitive function of high-altitude migrants.
Executive function is an important component of human cognitive function,
characterized by high oxygen consumption during activity, and its level can be
measured using cognitive control capacity (CCC). In addition, there is evidence
for the potential value of hyperbaric oxygen (HBO) interventions in improving
cognitive decline on the plateau. Therefore, the objective of this study was to
investigate the effect of long-term high-altitude exposure on CCC in high-
altitude newcomers and whether hyperbaric oxygen intervention has an
ameliorative effect.

Methods: This study measured the magnitude of participants’ CCC using a
Backward Masking Majority Function Task (MFT-M). Study 1 was a controlled
study of different altitude conditions, with 64 participants in the high-altitude
newcomer group and 64 participants in the low-altitude resident group, each
completing the MFT-M task once. Study 2 was a controlled HBO intervention
study in which newcomers who had lived at a high altitude for 2 years were
randomly divided into the HBOgroup (n = 28) and control group (n = 28). 15 times
hyperbaric oxygen interventions were performed in the HBO group. Subjects in
both groups completed the MFT-M task once before and once after the
intervention.

Results: Study 1 showed that CCC was significantly higher in the low-altitude
resident group than in the high-altitude newcomer group (p = 0.031). Study
2 showed that the CCC in the HBO group was significantly higher after
15 hyperbaric interventions than before (p = 0.005), while there was no
significant difference in the control group (p = 0.972). The HBO group had
significantly higher correct task rates than the control group after the intervention
(p = 0.001).
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Conclusion: This study confirms that long-term high-altitude exposure leads to
impairment of CCC in high-altitude newcomers and that hyperbaric oxygen
intervention is effective in improving CCC.
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high-altitude exposure, hyperbaric oxygen intervention, cognitive control capacity,
cognitive function, MFT-M task

1 Introduction

The effects of long-term exposure to high-altitude, low-oxygen
environments on human cognitive function mostly manifest as Mild
Cognitive Impairment (MCI), with core symptoms of cognitive
decompensation (de Aquino Lemos et al., 2012). This is because air
pressure decreases as altitude increases under high-altitude exposure
conditions. This leads to lower partial pressure of oxygen (PO2)
throughout the human physiological oxygen transport chain. This,
in turn triggers a series of physiological responses that help restore
blood oxygen levels (Luks and Hackett, 2022). The process mainly
involves an increase in ventilation, but also a decrease in arterial oxygen
saturation, an increase in pulmonary artery pressure, and an increase in
erythropoietin and hemoglobin concentrations, resulting in a dynamic
hypoxic-resistant state (Weil et al., 1970; Swenson, 2013). Owing to the
high demand for oxygen in the human brain, hypoxia caused by
prolonged high-altitude exposure can disrupt the balance between
excitatory and inhibitory processes in the brain. It affects various
cognitive functions, including perception, memory, and executive
functions (Ma et al., 2018; Virués-Ortega et al., 2006; Zhang et al.,
2018a). It is very important to maintain better executive function for
newcomers who are exploring, working, studying, and living in the
highlands on a non-short-term basis. Cognitive control, also known as
executive control. Good cognitive control helps people efficiently select
important information from a wide variety of stimuli and prioritize it in
the human brain for timely execution of that information task
(McConnell and Shore, 2011).

Specifically, as the most important cognitive function dominated
by the prefrontal lobe, executive function has an important influence
on attention, decision-making, working memory, learning, and
other cognitive functions. The brain is highly susceptible to
hypoxia at high altitudes, as evidenced by reduced attention,
decision-making, information processing speed, and other related
executive functions (Zhang et al., 2018b). While executive function
is limited by cognitive control capacity (CCC), it refers to the
maximum amount of information that the human brain can
simultaneously process the target information per unit time and
reflects the level of cognitive control ability.

Living at a very high altitude (3,500–5,500 m) for more than
3 months is generally considered long-term high-altitude exposure.
In terms of the effects on functional brain structures, one study
found that transplants exposed to chronic hypoxia had reduced gray
matter volumes in the bilateral anterior insula, bilateral prefrontal
lobes, left precentral gyrus, left cingulate gyrus (Yan et al., 2010), and
right lingual gyrus, all of which are brain structures highly associated
with executive functions. This corroborates reports of reduced
frontal lobe function and cortical arousal, leading to reduced
alertness and other executive control abilities in high-altitude-
exposed migrants (Prigatano et al., 1983; Bédard et al., 1991). It

has been found that damage to the right anterior insular cortex
(AIC) leads to a significant reduction in CCC (Wu et al., 2019).
While executive function is limited by CCC, a hypothesis is
proposed that, relative to low-altitude conditions, newcomers
exposed to chronic high-altitude hypoxia will experience a
decline in executive function represented by a decrease in CCC.

To quantify the CCC size one can use the Backward Masking
Majority Function Task (MFT-M) developed by Fan (2014) et al.
This task manipulates the entropy of the information to be
controlled and the exposure time of the stimulus to quantify the
speed of information processing for cognitive control to
quantitatively characterize the subject’s CCC under time
constraints. Normal adult CCC measured using the MFT-M task
is between 3 and 4 bits per second (bps). Bps refers to the amount of
information pertaining to cognitive domains that can be processed
by the human brain within a given time frame. The capacity for
attention, decision-making, perception, movement and sensory
abilities ranges from 2 to 60 bps. The MFT-M task can be used
to compare the differences in CCC between healthy adults and
patients with impaired cognitive function. For example, one study
found significant CCC decrements in patients with mild cognitive
impairment compared to healthy adults, mainly in the areas of
processing speed, flexibility, and workingmemory. TheMFT-M task
also has the potential to measure executive function under high-
altitude exposure conditions. While previous high-altitude studies
have focused on aspects of attentional function, response inhibition,
and working memory, that is, one part of cognitive control, the
MFT-M Task Measure CCC can reflect the overall ability of high-
altitude transplants to perform functions, as well as pre- and post-
injury changes or certain interventions.

It is feasible to intervene in plateaued cognitive decline or improve
cognitive function in high-altitude newcomers by improving their
oxygen environment. For example, hyperbaric oxygen (HBO) plays
an important role in the prevention and treatment of altitude sickness
and acute plateau disease and can also effectively improve cognitive
functions such as learning and spatial memory in brain-injured animals
and even humans (Harch et al., 2007; Palzur et al., 2008). In fact, the use
of HBO to intervene in the CCC decline in the high-altitude executive
function can yield better results. First, HBO therapy improves
pulmonary ventilation and blood oxygen saturation levels in high-
altitude newcomers by directly increasing the partial pressure of oxygen
and reducing hypoxic tissue damage (Penaloza and Arias-Stella, 2007).
Hyperbaric oxygen accelerates the dissolution of inert gases by replacing
them with oxygen in bubbles, which are then rapidly utilized and
metabolized by the brain tissue. For example, a prospective randomized
trial in patients with mild traumatic brain injury found that HBO
significantly improved cognitive impairment and metabolic brain
injury, even in the chronic phase (Boussi-Gross et al., 2013). One
study confirmed treatment with HBO prevents the loss and
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morphological deterioration of immature neurons, promotes the overall
proliferation of progenitors (Jeremic et al., 2023).

More specifically, several fMRI studies have shown that HBO
improves cognitive performance at high oxygen concentrations by
improving performance on visual and spatial tasks, with increased
brain activation in several areas of the brain (e.g., cingulate gyrus,
thalamus, and superior parietal lobe). Activation of the right frontal
gyrus, left temporal gyrus, and left cingulate gyrus increased when
subjects performed a speech task under high oxygen concentration
conditions (Chung et al., 2006). For example, hyperbaric oxygen
therapy has been shown to be effective in activating neuroplasticity in
stroke patients, improving memory deficits (Boussi-Gross et al., 2015),
and improving executive function in stroke patients by modulating the
spontaneous activity of neurons in the frontal middle gyrus and superior
parietal lobule brain regions (Hadanny et al., 2020). As previously
mentioned, long-term high-altitude exposure can damage the brain
structures of immigrants. This implies that HBO also have the
potential to improve executive function impairments in newcomers
exposed to high-altitude hypoxia. Therefore, we propose that HBO
intervention may improve CCC impairment among high-
altitude newcomers.

2 The current study

To investigate the effect of long-term high-altitude exposure on
the CCC of high-altitude newcomers and whether hyperbaric

oxygen intervention has an ameliorative effect. We conducted
two studies. Study 1 was a high-altitude and low-altitude
controlled experiment to verify that high-altitude exposure
negatively affects executive function in newcomers and manifests
itself in differences in CCC. Study 2 was a 30-day intervention-
controlled study to demonstrate the positive improvement effect of
the HBO intervention on cognitive control capacity in high-altitude
newcomers. In both studies, we used the MFT-M to measure the
capacity of the CCC in performing the function as well as dynamic
changes. Therefore, we explored whether long-term high-altitude
exposure caused damage to the CCC of newcomers and assessed the
CCC of participants before and after the hyperbaric oxygen
intervention. (Figure 1). This experiment was approved by the
Ethics Committee of Tibet University (No. XZTU2021ZRG-09).

3 Study 1. effect of high-altitude
exposure on CCC

3.1 Methods

3.1.1 Participants
The minimum sample size for this study was 112 according to

the G*power repeated measurement analysis of variance standard
principle (Faul F et al., 2009). In this study, 128 participants aged
18–20 years were divided into high-altitude newcomers and low-
altitude residents, including 64 high-altitude newcomers (32 of each

FIGURE 1
Flow chart of the experiment. Notes: abbreviations: ET, exposure time; MFT-M, Backward Masking Majority Function Task; CCC, cognitive control
capacity; ACC, accuracy; RT, reaction time; HBO, hyperbaric oxygen.

Frontiers in Physiology frontiersin.org03

Ren et al. 10.3389/fphys.2024.1378987

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1378987


sex) who lived at low altitude for a long time and went to high
altitude (3,650 m) for 2 years. There were 64 low-altitude residents
(32 of each sex) who had never traveled to high altitudes (1,500 m
and above). There were no significant differences between the two
groups in terms of sex, age, or other factors (p > 0.05). All
participants had normal or corrected visual acuity and were
right-handed, signed an informed consent form before the
experiment, and received some remuneration at the end of the
experiment.

3.1.2 Procedure
This was done while controlling for sex, age, vision, and other

factors. SpO2 was measured for all participants prior to the MFT-M
test. High-altitude newcomers and low-altitude residents completed
the MFT-M task once to measure the CCC size. A three-factor
mixed experimental design of 2 (groups) × 4 (ET) × 6 (ratios) was
used where 1) Group: high-altitude newcomers, low-altitude
residents 2). ET: arrow exposure time, including 0.25, 0.5, 1, and
2 s. The presentation time was varied by changing the presentation
time of the arrows and the masking stimulus 3). Ratio: Consistency
of arrows, ratio between the direction of the majority of arrows and
the minority direction. It included six conditions: 1:0, 2:1, 3:1, 3:2, 4:
1, and 5:0. The majority direction is where most arrows appear to
point. The length and diameter of the arrow for each diamond were
0.37°, and the viewing angle from the center of the gaze point to the
center of the arrow was approximately 1.5°. The between-group
variable was group, and the within-group variables were ET and
Ratio (Table 1). The experimental environment had good lighting,
quiet and suitable temperature and humidity conditions. Behavior
program computer performance is stable.

3.1.3 Backward Masking Majority Function Task
The CCC of each participant was measured using the MFT-M

task developed by Fan et al. Programmed with E-prime 2.0 and
presented using a 14-inch laptop, the arrows appear randomly in any
one, three or five positions on a cross-centered octagon during the
task. Each arrow was randomly oriented to the left or right, and all
arrows were presented simultaneously. The subject responded by
pressing “F” or “J” on the keyboard after the arrows disappeared, and
was asked to determine the direction of most arrows quickly and
accurately. There were 12 blocks, each with 36 trials, and the four
exposure times (ET) in each block were presented randomly with the
same consistency of arrows. The experiment began with a
randomized gaze of 0–0.5 s. After the gaze disappeared, an arrow
appeared. After the arrow disappeared, a masking stimulus
consisting of a diamond appears for 0.5 s. The experiment began
with a randomized gaze of 0–0.5 s, and after the arrow disappeared, a
masking stimulus consisting of a diamond appeared. After the
masking stimulus disappears, a randomized gaze point from 0 to
1.75 s will appear, so the total duration of the arrow, masking
stimulus and post-stimulus gaze point is 2.5 s. Subjects should
respond within 2.5 s of the onset of the target stimulus. When
the participants were unable to determine the direction of most of
the arrows, they had to guess how to complete the answer. A 1–1.5 s
gaze point occurred at the end of each trial, giving a total duration of
5.75 s for a full trial. At the end of each block, the subject took a break
and pressed the spacebar for the next block of the experiment. A
flowchart of the experimental paradigm is shown in Figure 2.

3.1.4 Statistical analysis
TheMFT-M behavioral data analysis was performed to calculate

the mean and standard deviation of the response time and accuracy
for each condition. From the perspective of information theory,
information uncertainty can be quantitatively defined as the
information entropy of a channel in bits, and the rate of
information transmission is the average amount of information
transmitted per unit time. According to the noisy channel coding
theorem, if the required transmission rate exceeds its upper limit, it
will result in decreased accuracy in transmitting information. In this
computational model, the accuracy (ACC) declines when the
amount of information exceeds the upper limit of cognitive
control. Therefore, cognitive control ability can be estimated in
bits per second (bps) by fitting the model to individual participants’
accuracy. Trials that did not respond to the reaction time were
considered invalid. Reactions exceeding the mean plus or minus
three standard deviations were considered outliers. Additionally,
invalid trials and outliers were excluded from analysis. The
remaining number of trials per participants was used to calculate
the mean and standard deviation when responding to different
conditions, and the number of correct responses per participants
under each condition was used to calculate the correct rate. Data
were analyzed using SPSS 20.0, and repeated- measures analysis of
variance (ANOVA) was performed for reaction time (RT) and
accuracy (ACC) in both studies, with Greenhouse-Geisser
correction for non-sphericity results and Bonferroni correction
for multiple comparisons. The analysis of CCC was calculated
using the method in the published paper by Fan et al.

3.2 Results

An independent samples t-test on the cognitive control capacity
of high-altitude newcomers and low-altitude residents subjects
showed that the mean CCC size was 2.98 (SD = 0.64) bps for
high-altitude newcomers and 3.35 (SD = 0.72) bps for low-altitude
residents, and it could be found that the CCC of high-altitude
newcomers was significantly lower than that of low-altitude
residents (t = −3.477, p = 0.031) (Figure 3).

A 2 (group) × 4 (ET) × 6 (ratio) repeated-measures ANOVAwas
performed on the correct rate (Table 2). The results showed a
significant main effect of Group [F (1, 207) = 9.281, p < 0.01,
η2p = 0.04]. The main effect of ET was significant [F (3, 621) =
271.622, p < 0.001, η2p = 0.57]. The main effect of Ratio was
significant [F (5, 1035) = 1616.072, p < 0.001, η2p = 0.89].

The interaction of ratio and ET was significant [F (15, 3105) =
50.899, p < 0.001, η2p = 0.20]. Simple effects analysis showed that, in
all four ET conditions, there was a significantly higher correct rate in
the arrow-consistent condition than in the inconsistent condition
(p < 0.01). Consistent with this finding, the correct response rate was
significantly higher in the 5:0 and 3:0 groups than when the ratio was
1:0 (p < 0.01). In the case of inconsistency, the highest correct rate
was found in the case of a 4:1 ratio, followed by the correct rate in the
case of a 2:1 ratio, whereas the lowest rate was found in the case of a
3:2 ratio (p < 0.01).

The interaction between ET and Group was significant [F (3,
621) = 10.377, p < 0.01, η2p = 0.14]. Simple effects analysis showed
that 1) when ET was 0.25 s, there was no significant difference in the
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correct rate between the two groups of subjects (p > 0.05), while in
several other ET conditions, the correct rate was significantly lower
in the high-altitude newcomers than in the low-altitude residents
(p < 0.05). 2) With prolongation of ET, the correctness rate of the
two groups of subjects changed significantly: ACC(0.25s)<ACC(0.5s)

<ACC(1s)<ACC(2s) (p < 0.01).
The interaction between group, ET and ratio was significant [F

(15, 3105) = 2.134, p < 0.05, η2p = 0.01]. Simple effects analysis
showed that 1) when ET was 0.25 s, the correct rate was significantly
lower (p < 0.05) for high-altitude newcomers than for low-altitude
residents at the ratios of 1:0, 2:1, and 3:0. 2) When the ET was 0.5 s,
the correctness rate of high-altitude newcomers at ratios of 2:1 and 4:
1 was significantly lower than that of low-altitude residents (p < 0.01,

p < 0.01). 3) When the ET was 2 s, the correctness rate was
significantly higher in the case of the 4:1 and 5:0 ratios for the
low-altitude residents than for the high-altitude newcomers (p <
0.01, p < 0.05).

A 2 (group) × 4 (ET) × 6 (ratio) repeated-measures ANOVAwas
performed on the reaction times. The results showed that the main
effect of the group was not significant (F < 1). The main effect of ET
was significant [F (3, 621) = 294.059, <0.001, η2p = 0.58] and the
main effect of Ratio was significant [F (5, 1035) = 1041.640, p <
0.001, η2p = 0.83].

The interaction of ratio and group was significant [F (5, 1035) =
3.889, p < 0.05, η2p = 0.20]. Simple effects analysis revealed that 1)
the reaction times of low-altitude residents were significantly shorter

FIGURE 2
Flow chart of MFT-M.
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(p < 0.05) than those of high-altitude newcomers in the consistent
arrow condition, whereas there was no significant difference
between the reaction times of the two groups of subjects in the
inconsistent arrow condition. 2) Participants in both groups had
significantly shorter reaction times for arrow consistency than for
inconsistency (p < 0.05). Consistent with this, the reaction times
were the shortest at a ratio of 1:0 and significantly shorter at a ratio of
3:0 than at 5:0 (p < 0.05). In the case of inconsistency, the shortest
reaction time was observed at a 4:1 ratio, followed by a 2:1 ratio,
whereas the longest reaction time was observed at a 3:
2 ratio (p < 0.05).

The interaction between ET and group was significant [F (3,
621) = 3.632, p < 0.05, η2p = 0.20]. A simple effects analysis revealed
that 1) there was no significant difference in the response time
between the two groups of subjects in all ET conditions (p > 0.05). 2)
The comparison of reaction times between the two groups of

subjects in the four ET conditions was RT(0.25s)<RT(0.5s)<RT(1s)

<RT(2s) (p < 0.001).
The interaction between ratio and ET was significant [F (15,

3105) = 121.754, p < .001, η2p = .37]. A simple effects analysis
showed that 1) when the ratio was 1:0, there was no significant
difference (p > .05) at the time of response, regardless of the ET
conditions. 2)When the ratio was not 1:0, the subject’s reaction time
varied with ET as follows: RT(0.25s)<RT(0.5s)<RT(1s)

<RT(2s) (p < 0.01).
The interaction between ratio, ET and group was significant [F

(15, 3105) = 2.661, p < 0.01, η2p = 0.01]. Simple effects analysis
showed that 1) when ET was 0.25 s, response times were significantly
shorter in high-altitude newcomers than in low-altitude residents in
the Ratio 3:0 case (p < 0.05), and significantly longer in the 3:2 and 4:
1 ratios (p < 0.001, p < 0.01). 2) When the ET was 0.5 s, the reaction
time was significantly longer in high-altitude newcomers than in
low-altitude residents at a ratio of 3:2 (p < 0.05).

The results of Study 1 showed that, relative to low-altitude
conditions, CCC and task correctness were significantly reduced in
newcomers exposed to chronic high-altitude hypoxia; therefore, the
hypothesis was validated.

4 Study 2. effect of HBO intervention

4.1 Methods

4.1.1 Participants
In Study 2, the minimum sample size was 22 based on G*power’s

standard of repeated-measures variance. The participants were
56 students, all of whom grew up at low altitudes and entered
high altitude (3,650 m) for the first time in their adult lives for
2 years. The participants were randomly divided into HBO and
control groups. The HBO group consisted of 14 males and
14 females, aged 18–22 years. The control group consisted of
15 males and 13 females, aged 18–22 years, and there were no
significant differences between the two groups of participants in
terms of sex and age (p > 0.05). All participants had normal or
corrected visual acuity and were right-handed, signed an informed
consent form before the experiment, and received some
remuneration at the end of the experiment.

FIGURE 3
Results of cognitive control capacity for plateau settlers and
plainsman. Note: *p < 0.05.

TABLE 1 Demographics background information for all participants.

High-altitude newcomer
(n = 64)

Low-altitude resident
(n = 64)

HBO
Group
(n = 28)

Control
Group
(n = 28)

Age (years) 19.1 ± 0.58 18.6 ± 0.71 20.9 ± 1.21 21.1 ± 0.93

Sex (male/female) 32/32 32/32 14/14 15/13

Handedness (right/left/mixed) 64/0/0 64/0/0 28/0/0 28/0/0

Non-verbal IQ (Raven) 60.05 ± 3.78 59.5 ± 3.50 59.8 ± 3.20 60.2 ± 3.35

Education level (college/high
school)

64/0 64/0 28/0 28/0

SpO2(before HBO intervention) 87.67% ± 2.45% 97.33% ± 1.25% 88.07% ± 2.57% 87.91% ± 2.32%

SpO2(after HBO intervention) — — 96.33% ± 1.29% 87.60% ± 2.56%
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4.1.2 Hyperbaric oxygen, HBO
Study II used a soft oxygen chamber (NBYY-HYDT-003) for

hyperbaric oxygen intervention, which was oval in shape, 2.13 m
high and 2.55 m wide, with a lower surface area of 7.88 m2. The
intervention pressure was 0.11 MPa, oxygen concentration was 25%,
and oxygen flow rate was 10 L/min. The ramp-up time of a single
oxygen intervention was 40 min, the oxygen was inhaled for 30 min
during the constant-pressure phase, and the oxygen was released
after 20 min of decompression to be tested out of the chamber.
Participants in the HBO group received diffused oxygen in the
chamber. The entire process lasted approximately 90 min each time.
Participants in the HBO group were required to complete 15 times
90-min HBO interventions over a month, with one intervention
every other day. The control group participants were placed in the
same enclosed chamber without receiving HBO intervention,
unbeknownst to them. SpO2 was measured before and after the
hyperbaric oxygen intervention in all participants.

4.1.3 Procedure
For all participants in Study 2, there were no differences in the

factors influencing sex, age, or visual acuity. All subjects completed
one MFT-M task prior to the hyperbaric intervention, and the
experimental group completed 15 hyperbaric interventions over
the course of 1 month. At each intervention, the partial pressure
of oxygen peaked after 40 min of boosting, after which oxygen was
administered at a constant pressure for 30 min and finally
decompressed for 20 min out of the chamber. Participants in the
HBO group completed an MFT-M task within 24 h of exiting from
the hyperbaric intervention in the 15th session, and the control
group did not perform any intervention, with the same time interval
between the two tests for participants in both groups. Study 2 used a
four-factor mixed experimental design as follows: 2 (group) × 4
(ET) × 6 (ratio) × 2 (time) 1). Group: divided into two conditions of

hyperbaric oxygen intervention and no intervention, that is, HBO
group and control group 2). Ratio: 1:0, 2:1, 3:1, 3:2, 4:1, 5:0 3). ET:
0.25, 0.5, 1, 2 s 4) Time: before and after hyperbaric intervention, for
the experimental group divided into 15 hyperbaric interventions
before and 15 hyperbaric interventions after. Group was the
between-group variable, and the remaining factors were all
within-group variables.

4.2 Results

The results of a 2 (group) × 2 (time) repeated-measures ANOVA
on CCC (Figure 4) showed that the group main effect was significant
[F (1, 54) = 7.444, p = 0.009, η2p = 0.121], and the time main effect
was significant [F (1, 54) = 16.224, p < 0.000, η2p = 0.231]. The CCC
size was 2.80 (SD = 0.75) bps before and 2.87 (SD = 0.75) bps after
the intervention in the control group and 3.02 (SD = 0.62) bps before
and 3.57 (SD = 0.62) bps after the intervention in the HBO group.

Time*group interaction was significant [F (1, 54) = 9.557, p =
0.003, η2p = 0.150]. Simple effects analysis showed no significant
difference in CCC between the HBO and control groups before the
intervention (p = 0.229). CCC was significantly higher in the HBO
group than in the control group after 15 hyperbaric interventions
(p < 0.000), and CCC was significantly higher in the HBO group
after 15 hyperbaric interventions than before the intervention (p <
0.000), whereas no significant difference was produced in the control
group (p = 0.511). The interaction results showed that the HBO and
control groups were reasonably grouped and that the hyperbaric
intervention significantly improved the CCC in the HBO group.

The results of the repeated measures ANOVA of 2 (group) × 6
(ratio) × 4 (ET) × 2 (time) for ACC showed significant Group main
effects [F (1, 54) = 4.367, p = 0.041, η2p = 0.075], significant time
main effects [F (1,54) = 8.616, p = 0.005, η2p = 0.138], ratio main

TABLE 2 Accuracy and reaction time of plateau migrants and plains settlers in the MFT-M task.

ET(s) Ratio

1:0 2:1 3:0 3:2 4:1 5:0

ACC (%)

high-altitude newcomer 0.25
0.5
1.0
2.0

96.0 (0.3)
97.6 (0.3)
98.3 (0.2)
98.2 (0.3)

68.6 (1.2)
73.8 (1.1)
83.8 (1.0)
91.0 (0.9)

97.3 (0.3)
98.4 (0.3)
99.1 (0.2)
99.0 (0.2)

60.9 (1.3)
60.8 (1.3)
66.1 (1.3)
72.3 (1.3)

78.1 (1.2)
81.2 (1.1)
90.9 (0.9)
94.4 (0.6)

97.3 (0.4)
97.9 (0.4)
99.4 (0.2)
98.6 (0.3)

low-altitude resident 0.25
0.5
1.0
2.0

97.1 (0.4)
97.9 (0.3)
98.3 (0.3)
97.9 (0.3)

72.6 (1.3)
79.2 (1.3)
85.9 (1.1)
90.7 (1.0)

98.3 (0.4)
99.0 (0.3)
99.2 (0.2)
99.3 (0.3)

59.1 (1.4)
63.1 (1.5)
69.2 (1.4)
75.5 (1.4)

78.3 (1.4)
85.7 (1.2)
91.5 (1.0)
96.2 (0.7)

98.3 (0.4)
99.0 (0.4)
99.4 (0.2)
99.6 (0.3)

RT (ms)

high-altitude newcomer 0.25
0.5
1.0
2.0

500 (7)
496 (6)
514 (8)
538 (13)

748 (23)
813 (21)
953 (18)
1,069 (23)

531 (9)
567 (9)
592 (10)
645 (21)

733 (24)
804 (25)
1,020 (27)
1,352 (28)

646 (19)
733(20)
877 (19)
1,050 (22)

540 (11)
560 (10)
610 (12)
670 (15)

low-altitude resident 0.25
0.5
1.0
2.0

469 (8)
481 (6)
496 (9)
528 (15)

809 (26)
838 (24)
911 (20)
1,050 (20)

544 (10)
540 (10)
554 (11)
639 (23))

812 (27)
888 (27)
1,040 (29)
1,340 (31)

721 (21)
790 (22)
883 (21)
1,028 (25)

542 (12)
562 (12)
588 (13)
661 (17)

Mean (SD).

Abbreviations: ACC, accuracy; RT, reaction time; ET, exposure time.

Frontiers in Physiology frontiersin.org07

Ren et al. 10.3389/fphys.2024.1378987

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1378987


effect was significant [F (1, 54) = 13.917, p < 0.000, η2p = 0.938], ET
main effect was significant [F (1, 54) = 13.917,p < 0.000,η2p = 0.698].

The time*group interaction was significant [F (1, 54) = 4.416, p =
0.040, η2p = 0.076], and simple effects analysis showed that ACCwas
not significantly different between the HBO and control groups
before the intervention (p = 0.312). The HBO group had a
significantly higher ACC than the control group after
15 hyperbaric interventions (p = 0.008), and the HBO group had
a significantly higher ACC after 15 hyperbaric interventions than
before the intervention (p = 0.001), whereas the control group did
not produce a significant difference (p = 0.558). The interaction
results showed that the HBO and control groups were reasonably
grouped, and that the hyperbaric intervention significantly increased
the accuracy rate of the HBO group.

The interaction of time*ET was significant [F (1, 54) = 3.075, p =
0.032, η2p = 0.054], simple effects analysis revealed that 1) the pre-
intervention correctness rate was significantly lower than the post-
intervention rate at ET of 0.25 s versus 0.5 s (p = 0.007, p = 0.012). 2)
When the ET was 1 s versus 2 s, there was no significant difference in
the correctness of the task before and after the intervention.

The interaction between time*ratio*group was significant [F (1,
54) = 3.683, p = 0.013, η2p = 0.064]. Simple effects analysis showed
that 1) there was no significant difference in correctness between the
two groups in the different Ratio conditions before the intervention.
2) The HBO group had significantly higher correct rates than the
control group when the ratios were 3:0 and 4:1 after the intervention
(p = 0.001, p = 0.044). The results of the interaction showed that the
hyperbaric intervention significantly increased task accuracy in the
HBO group.

A repeated-measures ANOVA of 2 (group) × 6 (ratio) × 4 (ET) ×
2 (time) at the reaction time showed that the group main effect was
not significant [F (1, 54) = 0.364, p = 0.557, η2p = 0.006], and no
significant difference was seen between the HBO and control groups.
The main effect of time was significant [F (1, 54) = 10.253, p = 0.002,
η2p = 0.160], the main effect of ratio was significant [F (1, 54) =
297.530, p < 0.000, η2p = 0.846], and the main effect of ET was
significant [F (1, 54) = 179.160, p < 0.000, η2p = 0.768].

The time*ratio interaction was significant [F (1, 54) = 3.171, p =
0.035, η2p = 0.055]. Simple effects analysis showed that 1) pre-
intervention response times were significantly higher than post-
intervention response times in all ratio conditions (p < 0.05). 2)
There was a significant difference (p < 0.05) in response time

between the two groups before and after the intervention and
between the different ratio conditions. The ratio × ET interaction
was significant [F (1, 54) = 78.875, p < 0.000, η2p = 0.594], and no
other significant effects were observed.

The results of Study 2 showed that the CCC in the HBO group
was significantly higher after 15 hyperbaric interventions than
before (p = 0.005), while there was no significant difference in
the control group (p = 0.972). The HBO group had significantly
higher correct task rates than the control group after the
intervention (p = 0.001).

5 Discussion

The current study measured the CCC of various subjects with
the help of the MFT-M task, and the resulting data were quantified
and analyzed. We explored the reduction in CCC in newcomers by
prolonged exposure to high-altitude hypoxia and the effect of
hyperbaric interventions on overall cognitive control processes by
affecting CCC.

Study 1 showed that CCC was significantly higher in the low-
altitude residents than in high-altitude newcomers, suggesting that
long-term exposure to high-altitude hypoxia can impair CCC in
newcomers. In addition to structural changes due to chronic
hypoxia, the hypoxic environment of the plateau may lead to a
prolonged state of stress in the organism with high executive control
requirements and excessive occupation of attentional resources,
causing the human brain to process less information per unit
time (Wang et al., 2014). Related studies have shown that long-
term exposure to high-altitude hypoxic stress leads to structural
changes in brain function during transplantation, resulting in
reduced cognitive control in newcomers (Wu et al., 2016).

Further analysis of the performance of the two groups of subjects
in the MFT-M task showed that when the ET was 0.5, 1, and 2 s, the
low-altitude residents had a higher correct rate than the high-
altitude newcomers. These results were consistent with the study
by Ma et al. (2019). This can be explained by the effect of long-term
high-altitude exposure on working memory, where the lack of
attentional resources of high-altitude newcomers during task
completion leads to the impairment of information maintenance,
which affects the correct response rate. The correct rates of high-
altitude newcomers under several ratios at the random level were
significantly lower than those of low-altitude residents, suggesting
that there is indeed an inhibitory effect of a low-oxygen environment
on the visual recognition sensitivity of migrants.

In the case of consistent arrows, the reaction time of the low-
altitude residents was significantly shorter than that of the high-
altitude newcomers, probably due to the long-term exposure of the
high-altitude newcomers to hypoxia, which lowers the visual
sensitivity and slows down the cognitive speed, and the hypoxia
slows down the speed of brain thinking and makes it take longer to
judge the stimuli, resulting in a longer reaction time (Nakata et al.,
2017). In contrast, when the arrows did not match and there was no
significant difference between the two groups, it is possible that the
floor effect made the difference between the two groups of subjects
insignificant as task difficulty increased.

The results of Study 2 showed that 15 hyperbaric interventions
significantly increased the correct rate and CCC in the HBO group

FIGURE 4
CCC size of the HBO and control groups before and after the
intervention. Note: *p < 0.05.
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compared with the control group, and the correct rate and CCC in
the HBO group were significantly greater after the intervention than
before the intervention. The CCC in the HBO group after the
intervention (3.57, SD = 0.62) bps was slightly greater than that
in the low-altitude resident group in Study 1 (3.35, SD = 0.72) bps,
suggesting that HBO can effectively improve cognitive ability and
that CCC impairment caused by high altitude hypoxia can be
improved by oxygenation, and that the cognitive ability of high-
altitude newcomers may recover to some extent after returning to
lower altitudes.

Cognitive enhancement studies of HBO interventions in healthy
young adults have shown that HBO significantly enhances memory
function, especially spatial working memory. HBO interventions have
also been found to significantly enhance connectivity in the limbic
system of subcortical areas (Yu et al., 2015), which mainly includes the
thalamus, cingulate gyrus, and hippocampus, and is associated with
emotion, memory, learning, and visuospatial skills (Gitelman et al.,
1999) that are responsible for higher cognitive functions. In the present
study, CCCwas significantly improved in the HBO group after 15HBO
interventions, reflecting, to some extent, the holistic function of the
brain regarding cognitive control. The increased cognitive control
capacity after oxygenation indicated improved cognitive control and
more complete and close integration connections between brain
regions. After HBO intervention, the oxygen level in the blood
increases rapidly and is delivered mainly to hypoxic areas of vital
organs, preventing impaired brain tissue function, enabling the
preferential selection of important information for response
judgments and increased processing resources within a restricted
timeframe, thus enhancing cognitive function. However, we do not
believe that the improvement effect of the 15 HBOs sessions will last
because short-term HBOs sessions are not sufficient to change the
improvement structure. However, hyperbaric oxygen therapy (HBOT)
may have some potential side effects. McMonnies (2015) discussed the
possibility of ocular complications or contraindications associated with
HBOTdue to increased tissue concentrations of reactive oxygen species.
Heyboer et al. (2017) conducted a retrospective chart review on the
effect of HBOT on blood pressure in patients undergoing treatment,
demonstrating that absolute rises in blood pressure can occur as a result
of HBOT therapy. Overall, the literature suggests that HBOT has
diverse applications and potential benefits in various medical
conditions, but it is essential to consider potential side effects and
contraindications associated with this therapy.

Further analysis of the performance of the two groups of
participants in the MFT-M task, in which the number and
consistency of arrows for each trial condition were known,
showed a decrease in accuracy with increasing information
entropy when the upper limit of cognitive control processing was
reached or exceeded. The results indicated that the accuracy of the
control group was lower than that of the HBO group under the same
experimental conditions. However, the information entropy of the
task was greater at an arrow ratio of 3:2, which caused the greatest
conflict for the participants, such that the accuracy of the two groups
at presentation times of 250 ms and 500 ms was close to a 50%
random probability. Correctness and reaction time were strongly
influenced by presentation time and task difficulty, but were not the
main indicators in this study, but it could still be judged that when
the task was more difficult (short presentation time and close
number of left and right arrows), the correctness rate was

significantly higher in the post-intervention subjects than in the
pre-intervention as well as in the control group. Under any
condition, a presentation time of 2 s was the most easily judged
difficulty condition, and the correct rate almost appeared as a ceiling
effect, whereas the correct rate of the rest of the conditions was in
the middle.

In conjunction with our previous studies showing that chronic
high-altitude exposure affects a variety of cognitive control
functions, high-altitude newcomers have reduced attentional
resources due to persistent hypoxia, which puts the body in a
state of chronic stress, including alerting, orienting, orienting,
and executive control, which affects other brain networks that
calculate priorities when acquiring awareness or output (Fan
et al., 2005; Xuan et al., 2016). When faced with information, the
brain needs to make effective selections, allocate resources, and
prioritize the amount of information. The total amount of human
cognitive resources is limited under high-altitude hypoxia, and when
the amount of uncertain information processed consumes resources
that do not exceed the total amount, the task can be performed
accurately; when the amount of uncertain information processed
exceeds, it triggers guessing leading to random responses. The
effective execution of uncertain information and the allocation of
cognitive resources is reduced, and more cognitive resources are put
on guessing, thus reducing the correct rate of the task and response
time, further reducing CCC.

The 15-session HBO intervention increased the amount of
uncertain information processing and total amount of cognitive
resources. When faced with uncertain information, the brain
allocates more cognitive resources to the judgment of uncertain
information rather than to guessing, thus increasing the
effectiveness and accuracy of task execution, as evidenced by an
increase in the ACC and CCC, and improving the overall cognitive
level of the brain. We hypothesize that for the amount of uncertain
information, the presentation time of uncertain information is more
likely to be improved by HBO, which may reveal that cognitive
resources are first allocated to the grasp of overall presentation time
rather than directly to the search of uncertain information conflict
situations, and thus subsequent studies can further explore the
neural mechanisms underlying the functional state of the human
brain and the functional connectivity between brain regions after
HBO intervention.

6 Limitations

Some pressing issues still need to be addressed in the current
study. The main limitations are as follows:

First, cognitive control is considered a central channel for
information transfer between different sensory channels and
cognitive domains, and the present experiment estimated CCC
using only visuospatial processing behavioral tasks in the
cognitive decision-making domain. In future, we plan to estimate
CCC using other cognitive pathways.

Second, Study 2 focused on the effects of multiple HBO
interventions on cognitive control, but did not analyze the
prognostic effects, how long the improvement in CCC brought
about by HBO could last, and what changes in CCC levels would
occur when returning to high-altitude conditions after the

Frontiers in Physiology frontiersin.org09

Ren et al. 10.3389/fphys.2024.1378987

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1378987


intervention are not yet clear and need further confirmation. The
participants were all high-altitude immigrants for 2 years, regardless
of whether the exposure time was sufficient. The CCC in the HBO
group returned to the plains level after hyperbaric intervention,
indicating that the cognitive impairment caused by high-altitude
exposure will revert on its own after the immigrants return to lower
altitudes, and the follow-up study will focus on the longer-term
reversion effect and the neural remodeling mechanism.

7 Conclusion

Long-term exposure to the hypoxic and low-pressure environment
of the high-altitude does produce a certain degree of impairment in the
CCC of the newcomers, and the 15 hyperbaric oxygen interventions
improved the CCC of the individuals, thus improving the cognitive
control function of high-altitude newcomers. Hyperbaric oxygen
intervention is an effective way to improve the cognitive function of
high-altitude residents, which is conducive to preventing and improving
the cognitive impairment of high-altitude residents, improving their
quality of life and work efficiency, and improving the development of
high-altitude areas.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the Ethics
Committee of Tibet University. The studies were conducted in
accordance with the local legislation and institutional
requirements. The participants provided their written informed
consent to participate in this study.

Author contributions

HR: Writing–original draft, Writing–review and editing. Y-PZ:
Conceptualization, Data curation, Formal Analysis, Funding

acquisition, Investigation, Methodology, Project administration,
Resources, Software, Supervision, Validation, Visualization,
Writing–review and editing. RS: Conceptualization, Data
curation, Formal Analysis, Funding acquisition, Investigation,
Methodology, Project administration, Resources, Software,
Supervision, Validation, Visualization, Writing–review and
editing. HL: Conceptualization, Data curation, Formal Analysis,
Funding acquisition, Investigation, Methodology, Project
administration, Resources, Software, Supervision, Validation,
Visualization, Writing–original draft. Y-YP: Writing–original
draft, Writing–review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This research
was supported by the Science and Technology Major Project of
Tibetan Autonomous Region of China (grant number
XZ202201ZD0001G, XZ202301YD0032C), the National Natural
Science Foundation of China (grant number 32260212).

Acknowledgments

We are grateful to all the participants of this study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Bédard, M. A., Montplaisir, J., Richer, F., Rouleau, I., and Malo, J. (1991). Obstructive
sleep apnea syndrome: pathogenesis of neuropsychological deficits. J. Clin.
Exp. Neuropsychol. 13, 950–964. doi:10.1080/01688639108405110

Boussi-Gross, R., Golan, H., Fishlev, G., Bechor, Y., Volkov, O., Bergan, J., et al.
(2013). Hyperbaric oxygen therapy can improve post concussion syndrome years after
mild traumatic brain injury – randomized prospective trial. PLOS ONE 8, e79995.
doi:10.1371/journal.pone.0079995

Boussi-Gross, R., Golan, H., Volkov, O., Bechor, Y., Hoofien, D., Beeri, M. S.,
et al. (2015). Improvement of memory impairments in poststroke patients by
hyperbaric oxygen therapy. Neuropsychology 29, 610–621. doi:10.1037/
neu0000149

Chung, S. C., Sohn, J. H., Lee, B., Tack, G. R., Yi, J. H., You, J. H., et al. (2006). The
effect of transient increase in oxygen level on brain activation and verbal performance.
Int. J. Psychophysiol. 62, 103–108. doi:10.1016/j.ijpsycho.2006.02.006

de Aquino Lemos, V., Antunes, H. K., dos Santos, R. V., Lira, F. S., Tufik, S., and de
Mello, M. T. (2012). High altitude exposure impairs sleep patterns, mood, and cognitive
functions. Psychophysiology 49, 1298–1306. doi:10.1111/j.1469-8986.2012.01411.x

Fan, J. (2014). An information theory account of cognitive control. Front. Hum.
Neurosci. 8, 680. doi:10.3389/fnhum.2014.00680

Fan, J., McCandliss, B. D., Fossella, J., Flombaum, J. I., and Posner, M. I. (2005). The
activation of attentional networks. NeuroImage 26, 471–479. doi:10.1016/j.neuroimage.
2005.02.004

Faul, F., Erdfelder, E., Buchner, A., and Lang, A. G. (2009). Statistical power analyses
using G*Power 3.1: tests for correlation and regression analyses. Behav. Res. Methods 41,
1149–1160. doi:10.3758/brm.41.4.1149

Gitelman, D. R., Nobre, A. C., Parrish, T. B., LaBar, K. S., Kim, Y. H., Meyer, J. R., et al.
(1999). A large-scale distributed network for covert spatial attention: further anatomical

Frontiers in Physiology frontiersin.org10

Ren et al. 10.3389/fphys.2024.1378987

https://doi.org/10.1080/01688639108405110
https://doi.org/10.1371/journal.pone.0079995
https://doi.org/10.1037/neu0000149
https://doi.org/10.1037/neu0000149
https://doi.org/10.1016/j.ijpsycho.2006.02.006
https://doi.org/10.1111/j.1469-8986.2012.01411.x
https://doi.org/10.3389/fnhum.2014.00680
https://doi.org/10.1016/j.neuroimage.2005.02.004
https://doi.org/10.1016/j.neuroimage.2005.02.004
https://doi.org/10.3758/brm.41.4.1149
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1378987


delineation based on stringent behavioural and cognitive controls. Brain J. Neurol. 122,
1093–1106. doi:10.1093/brain/122.6.1093

Hadanny, A., Rittblat, M., Bitterman, M., May-Raz, I., Suzin, G., Boussi-Gross, R.,
et al. (2020). Hyperbaric oxygen therapy improves neurocognitive functions of post-
stroke patients – a retrospective analysis. Restor. Neurol. Neurosci. 38, 93–107. doi:10.
3233/rnn-190959

Harch, P. G., Kriedt, C., Van Meter, K. W., and Sutherland, R. J. (2007). Hyperbaric
oxygen therapy improves spatial learning and memory in a rat model of chronic
traumatic brain injury. Brain Res. 1174, 120–129. doi:10.1016/j.brainres.2007.06.105

Heyboer, Rd M., Wojcik, S. M., Smith, G., and Santiago, W. (2017). Effect of
hyperbaric oxygen therapy on blood pressure in patients undergoing treatment.
Undersea Hyperb. Med. 44 (2), 93–99. doi:10.22462/3.4.2017.2

Jeremic, R., Pekovic, S., Lavrnja, I., Bjelobaba, I., Djelic, M., Dacic, S., et al. (2023).
Hyperbaric oxygenation prevents loss of immature neurons in the adult hippocampal dentate
gyrus following brain injury. Int. J. Mol. Sci. 24 (5), 4261. doi:10.3390/ijms24054261

Luks, A. M., and Hackett, P. H. (2022). Medical conditions and high-altitude travel.N.
Engl. J. Med. 386, 364–373. doi:10.1056/NEJMra2104829

Ma, H., Li, X., Liu, M., and Zhang, D. (2018). Mental rotation effect on adult
immigrants with long-term exposure to high altitude in Tibet: an ERP study.
Neuroscience 386, 339–350. doi:10.1016/j.neuroscience.2018.06.038

Ma, H., Zhang, D., Li, X., Ma, H., Wang, N., and Wang, Y. (2019). Long-term
exposure to high altitude attenuates verbal and spatial working memory: Evidence from
an event-related potential study. Brain and Behavior 9 (4). doi:10.1002/brb3.1256

McConnell, M.M., and Shore, D. I. (2011). Mixingmeasures: testing an assumption of
the attention network test. Atten. Percept. Psychophys. 73, 1096–1107. doi:10.3758/
s13414-010-0085-3

McMonnies, C. W. (2015). Hyperbaric oxygen therapy and the possibility of ocular
complications or contraindications.Clin. Exp. Optom. 98 (2), 122–125. doi:10.1111/cxo.12203

Nakata, H., Miyamoto, T., Ogoh, S., Kakigi, R., and Shibasaki, M. (2017). Effects of acute
hypoxia on human cognitive processing: a study using ERPs and SEPs. J. Appl. Physiol.
(Bethesda MD 1985) 123 (123), 1246–1255. doi:10.1152/japplphysiol.00348.2017

Palzur, E., Zaaroor, M., Vlodavsky, E., Milman, F., and Soustiel, J. F. (2008).
Neuroprotective effect of hyperbaric oxygen therapy in brain injury is mediated by
preservation of mitochondrial membrane properties. Brain Res. 1221, 126–133. doi:10.
1016/j.brainres.2008.04.078

Penaloza, D., and Arias-Stella, J. (2007). The heart and pulmonary circulation at high
altitudes: healthy highlanders and chronic mountain sickness. Circulation 115,
1132–1146. doi:10.1161/circulationaha.106.624544

Prigatano, G. P., Parsons, O., Wright, E., Levin, D. C., and Hawryluk, G. (1983).
Neuropsychological test performance in mildly hypoxemic patients with chronic
obstructive pulmonary disease. J. Consult Clin. Psychol. 51, 108–116. doi:10.1037/
0022-006x.51.1.108

Swenson, E. R. (2013). Hypoxic pulmonary vasoconstriction. High. Alt. Med. Biol. 14,
101–110. doi:10.1089/ham.2013.1010

Virués-Ortega, J., Garrido, E., Javierre, C., and Kloezeman, K. C. (2006). Human
behaviour and development under high-altitude conditions.Dev. Sci. 9, 400–410. doi:10.
1111/j.1467-7687.2006.00505.x

Wang, Y., Ma, H., Fu, S., Guo, S., Yang, X., Luo, P., et al. (2014). Long-term exposure
to high altitude affects voluntary spatial attention at early and late processing stages. Sci.
Rep. 4, 4443. doi:10.1038/srep04443

Weil, J. V., Byrne-Quinn, E., Sodal, I. E., Friesen, W. O., Underhill, B., Filley, G. F.,
et al. (1970). Hypoxic ventilatory drive in normal man. J. Clin. Invest 49, 1061–1072.
doi:10.1172/jci106322

Wu, T., Dufford, A. J., Mackie, M. A., Egan, L. J., and Fan, J. (2016). The capacity of
cognitive control estimated from a perceptual decision making task. Sci. Rep. 6, 34025.
doi:10.1038/srep34025

Wu, T.,Wang, X.,Wu, Q., Spagna, A., Yang, J., Yuan, C., et al. (2019). Anterior insular
cortex is a bottleneck of cognitive control. NeuroImage 195, 490–504. doi:10.1016/j.
neuroimage.2019.02.042

Xuan, B., Mackie, M. A., Spagna, A., Wu, T., Tian, Y., Hof, P. R., et al. (2016). The
activation of interactive attentional networks. NeuroImage 129, 308–319. doi:10.1016/j.
neuroimage.2016.01.017

Yan, X., Zhang, J., Shi, J., Gong, Q., and Weng, X. (2010). Cerebral and functional
adaptation with chronic hypoxia exposure: a multi-modal MRI study. Brain Res. 1348,
21–29. doi:10.1016/j.brainres.2010.06.024

Yu, R., Wang, B., Li, S., Wang, J., Zhou, F., Chu, S., et al. (2015). Cognitive
enhancement of healthy young adults with hyperbaric oxygen: a preliminary
resting-state fMRI study. Clin. Neurophysiol. Off. J. Int. Fed. Clin. Neurophysiol. 126,
2058–2067. doi:10.1016/j.clinph.2015.01.010

Zhang, D., Ma, H., Huang, J., Zhang, X., and Liu, M. (2018b). Exploring the impact of
chronic high-altitude exposure on visual spatial attention using the ERP approach.
Brain Behav. 8, e00944. doi:10.1002/brb3.944

Zhang, D., Zhang, X., Ma, H., Wang, Y., and Liu, M. (2018a). Competition among the
attentional networks due to resource reduction in Tibetan indigenous residents:
evidence from event-related potentials. Sci. Rep. 8, 610. doi:10.1038/s41598-017-
18886-7

Frontiers in Physiology frontiersin.org11

Ren et al. 10.3389/fphys.2024.1378987

https://doi.org/10.1093/brain/122.6.1093
https://doi.org/10.3233/rnn-190959
https://doi.org/10.3233/rnn-190959
https://doi.org/10.1016/j.brainres.2007.06.105
https://doi.org/10.22462/3.4.2017.2
https://doi.org/10.3390/ijms24054261
https://doi.org/10.1056/NEJMra2104829
https://doi.org/10.1016/j.neuroscience.2018.06.038
https://doi.org/10.1002/brb3.1256
https://doi.org/10.3758/s13414-010-0085-3
https://doi.org/10.3758/s13414-010-0085-3
https://doi.org/10.1111/cxo.12203
https://doi.org/10.1152/japplphysiol.00348.2017
https://doi.org/10.1016/j.brainres.2008.04.078
https://doi.org/10.1016/j.brainres.2008.04.078
https://doi.org/10.1161/circulationaha.106.624544
https://doi.org/10.1037/0022-006x.51.1.108
https://doi.org/10.1037/0022-006x.51.1.108
https://doi.org/10.1089/ham.2013.1010
https://doi.org/10.1111/j.1467-7687.2006.00505.x
https://doi.org/10.1111/j.1467-7687.2006.00505.x
https://doi.org/10.1038/srep04443
https://doi.org/10.1172/jci106322
https://doi.org/10.1038/srep34025
https://doi.org/10.1016/j.neuroimage.2019.02.042
https://doi.org/10.1016/j.neuroimage.2019.02.042
https://doi.org/10.1016/j.neuroimage.2016.01.017
https://doi.org/10.1016/j.neuroimage.2016.01.017
https://doi.org/10.1016/j.brainres.2010.06.024
https://doi.org/10.1016/j.clinph.2015.01.010
https://doi.org/10.1002/brb3.944
https://doi.org/10.1038/s41598-017-18886-7
https://doi.org/10.1038/s41598-017-18886-7
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1378987

	Hyperbaric intervention ameliorates the negative effects of long-term high-altitude exposure on cognitive control capacity
	1 Introduction
	2 The current study
	3 Study 1. effect of high-altitude exposure on CCC
	3.1 Methods
	3.1.1 Participants
	3.1.2 Procedure
	3.1.3 Backward Masking Majority Function Task
	3.1.4 Statistical analysis

	3.2 Results

	4 Study 2. effect of HBO intervention
	4.1 Methods
	4.1.1 Participants
	4.1.2 Hyperbaric oxygen, HBO
	4.1.3 Procedure

	4.2 Results

	5 Discussion
	6 Limitations
	7 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


