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Abstract: Background: On the one hand, hypoxic exposure may result in progressive brain metabolism
disturbance, causing subsequent cognitive impairments. On the other hand, it might also enhance
neurogenesis and brain vascularization as well as accelerate cerebral blood flow, leading to cognitive
function improvement. The aim of this study was to investigate whether progressive stages of nor-
mobaric hypoxia (NH) (FIO2 = 13%, FIO2 = 12%, and FIO2 = 11%) differentially affect post-exposure
cognitive performance. Methods: Fifteen physically active men (age = 23.1 ± 2.1) participated in the
study. The Stroop test (ST) was applied to assess cognitive function. To generate NH conditions, a
hypoxic normobaric air generator was used. Results: We observed an executive function impairment
(“naming” interference p < 0.05) after NH exposure (FIO2 = 13%). After exposure at FIO2 = 12% and
FIO2 = 11%, no changes were observed in the Stroop test. Also, changes in SpO2 during subsequent
NH exposure were observed. Conclusions: The current investigation shows that executive functions
deteriorate after acute NH exposure and this post-exposure deterioration is not proportional to the
normobaric hypoxia stages among young physically active males.

Keywords: cognitive function; physical exercise; altitude

1. Introduction

Cognitive functions are highly dependent on adequate oxygen delivery to the brain [1].
Elevated brain activity during cognitive processing causes a rise in energy demand, leading
to an increase in cerebral blood flow (CBF) [2]. It is assumed that the energy demand of
neuronal tissue increases by 15% during tasks that require cognitive functioning [3–6].
Therefore, disturbances in cerebral aerobic metabolism, caused by hypoxia, could manifest
as a cognitive function impairment [2].

Cognitive impairment can negatively affect residents or workers staying at high
altitudes, e.g., mountain guides, militaries, athletes at altitude training camps, moun-
taineers or skiers, as well as exposed-to-hypoxia aircraft pilots or flight personnel [7–9].
Moreover, cognitive decline is observed commonly among patients with severe forms
of hypoxic–ischemic brain injury such as stroke, sleep apnea, or chronic obstructive pul-
monary disease (COPD) [10–17]. Additionally, reduced vascularization and blood flow in
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aging also diminish the ability to supply oxygen to the brain, leading to cognitive function
impairment [18–21].

Hypoxic exposure, therefore, impairs memory, color vision, reaction time, and execu-
tive functions [22]. The deterioration of cognitive abilities seems to be also dependent on
the magnitude of hypoxia and exposure time [22]. It also appears that hypoxic exposure
response is largely dependent on hypoxic mode and protocol (hypobaric/normobaric,
intermittent/continuous), the participants’ age, fitness level, and health status, cognitive
task type, post-cognitive test timing, and other confounding factors [22–26]. Numerous
human studies have revealed that normobaric hypoxia at various exposure times (from
16 to 30 min) and at different simulated altitudes have a detrimental influence on reaction
time and error rate during cognitive performance [27,28]. Nevertheless, Pavlicek et al.
(2005) and Taylor et al. (2015) did not observe changes in human cognition (word fluency,
word association task) after 30–45 min exposure to simulated altitudes (2440 m–4500 m
a.s.l.) [29,30].

However, mild hypoxic exposure can also have a neuroprotective effect in improving
cognitive performance; therefore, a right dosage or time of exposure/measurement could be
a key factor [31,32]. Moreover, a combination of mild hypoxia and aerobic training seems to
enhance cognitive function among the elderly [33]. Furthermore, some NH protocols show
enhancement of cognitive functions; for example, intermittent hypoxia exerts a beneficial
impact on protective mechanisms [34]. In a study conducted by Loprinzi et al. (2019), a
positive effect of acute normobaric hypoxia on memory interference was observed [35].
Although hypoxia may lead to progressive disturbance in brain metabolism, causing
subsequent cognitive impairments, it might also induce the synthesis of catecholamines and
neurotrophins such as brain-derived neurotrophic factor (BDNF) or vascular endothelial
growth factor (VEGF) as well as accelerate CBF, positively affecting neurogenesis and brain
vascularization [22,30,36]. Hypoxia can induce the release of BDNF, relevant for memory
formation and potentiation; therefore, a positive effect might be expected [37].

The aim of this study was to investigate whether cognitive abilities among young
physically active males could be facilitated after normobaric hypoxia exposure. We hy-
pothesized that progressive stages of normobaric hypoxia (FIO2 = 13%; FIO2 = 12% and
FIO2 = 11%) affect human cognition differently.

2. Materials and Methods
2.1. Participants

Twenty-four healthy, non-obese young adults were enrolled to the experiment. At the
beginning, four subjects participated in Experiment 1 (a pilot study), and after its comple-
tion, the experimental group was enlarged to up to 20 participants taking part in the main
study—Experiment 2. At the end, 15 physically active men finished the main experiment (5
of them did not complete it due to several reasons, e.g., cold, absence, or personal reasons).
All participants were Polish native speakers. Before the start of the experiment, they were
introduced to the procedures to which they had volunteered. Exclusion criteria included
a history of alpine expedition, dyslexia, daltonism, and blurred vision. All participants
were university students and were physically active. The participants did not have any
medical contraindications. No participant stated a history of neurological, psychiatric,
or respiratory disorders or had a disease that required medical care. Additionally, they
were required to refrain from consumption of caffeine 24 h prior to the testing session. All
participants gave their written consent after they had been informed about the purpose
of the study and the procedures. The study was approved by the local Ethics Committee
and the Bioethical Committee of the Regional Medical Society (KB-9/16) according to
the Helsinki Declaration. Detailed anthropometric characteristics of the participants are
presented in Table 1.
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Table 1. Anthropometric characteristics of the participants.

N = 15 X SD

Age [years] 23.1 2.1
Height [cm] 181 2.7
Weight [kg] 76.7 1.5

FAT [%] 13.9 1.4
FAT [kg] 11.2 1.6
FFM [kg] 67.1 1.5

BMI [kg·m−2] 22.8 0.9
X—mean average; SD—standard deviation; FAT—adipose tissue; FFM—free fat mass or lean body mass; BMI—body
mass index.

2.2. Measures
2.2.1. Anthropometric Measurements

To measure body height in a standing position, an anthropometer from a GPM mea-
suring set—Skinfold Caliper User’s Manual (Poland)—was used. Body mass and body
composition: body fat (FAT) and fat-free mass (FFM), were measured using the TBF-300
Tanita Body Fat Monitor/Scale Analyzer (Japan) with the use of the bioelectrical impedance
method. The body mass index was also used to assess overall body build: relative body
mass (BMI) [kg·m−2]. The participants were asked to arrive at the laboratory fasted, with
voided bladders and bowels [38].

2.2.2. Normobaric Hypoxia (NH)

The GO2Altitude ERA II Hypoxic/hyperoxic air generator from Biomedtech (Aus-
tralia) was used to create the appropriate hypoxic conditions during the tests. The proposed
altitudes (a.s.l.) were simulated by reducing the oxygen content of the inspiratory mixture
according to the recommendations of the manufacturer Biomedtech Australia Pty. Ltd.
Biomedical Research and Development described in GO2 Altitude ERA II Hypoxicator
System Operational Manual and in [39]. To produce a hypoxic mixture constituting a
simulation of altitude at 3500 m, the oxygen level in the mixture (FIO2 = 13%) was used,
at 4500 m (FIO2 = 12%) and 5500 m (FIO2 = 11%), respectively. The participants were not
aware of the simulated altitude. When performing tests in normoxia (NOR), the partici-
pants also wore masks connected to the generator and pulse oximeters simulating hypoxic
conditions; however, at that time, the air generator produced a breathing mixture occurring
naturally at sea level. Additionally, the oxygen saturation (SpO2) was measured using a
BEURER PO60 pulse oximeter during the whole experimental procedure.

2.3. Cognitive Functions
2.3.1. Stroop Interference Test (ST)

To measure cognitive control, the computer version of the ST test from the Vienna Test
System database was used. The first part involves giving “names” of colors. Part two is
about “reading” color names. The third part requires giving the name of the font color
with which each word was written instead of reading the written word. For example, the
“blue” stimulus should be reacted with the word “red,” suppressing the natural tendency
to read “blue.” Such a task requires constant control and suppression of a natural automatic
response in favor of a task consciously managed and subordinated to the rules. The result
usually contains several elements, including the time of each test, the difference between
the time of the first and the third test and the number of errors in the third test [40].

2.3.2. Design and Procedures

All participants were asked to refrain from exercise and the consumption of alcohol
and caffeine for at least 24 h prior to each experiment to control the outside factors that
could affect cardiovascular and executive functions. The participants underwent a familiar-
ization to all the equipment needed to conduct the experiment as well as anthropometric
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examinations. The experimental protocol was performed on five non-consecutive days
(familiarization on day one and each altitude on a different day with a one-week break
in between to avoid the learning effect). All hypoxic measurements were determined
in four different conditions: normoxia and FIO2 = 13%, FIO2 = 12%, and FIO2 = 11%,
which correspond to simulated altitudes of 3500 m, 4500 m, and 5500 m, respectively.
Experiment consisted of cognitive tests and gas mixture breathing. The participants un-
derwent cognitive testing before and immediately after a 30 min acute exposure to the
mentioned conditions.

A single blind protocol was used (the participants did not know under what conditions
or on which day of testing they would be evaluated). During the testing, SpO2 was
monitored continuously using a BEURER PO60 pulse oximeter. Before performing the
tests, the subjects were examined by a medical doctor.

2.3.3. Statistical Analysis

All data were collected to create a single data sheet for statistical analysis. Microsoft
Excel v.10.0 for Windows was used for initial archiving and statistical processing of results.
Statistical analysis was performed using the tools of GraphPad Prism 7. Arithmetic means,
standard deviation, and significance levels of differences between means were calculated.
Then, descriptive statistics were used, where a non-parametric paired version of the
Student’s t-test was used to examine the distribution of each variable. Then, we used two-
way analysis of variance (ANOVA), with repeated measures, to investigate the significance
of differences between groups and time. Significant main effects were further analyzed
using the Bonferroni post hoc test. Significance for all analyses was assumed at p < 0.05.

3. Results
3.1. Cognitive Functions
Experiment 1

Deterioration of ST results at all implemented oxygen concentrations was observed,
although these changes did not correspond to the increase in simulated altitude values.
Noticeable changes were observed at the simulated altitude of 3500 m a.s.l. The analysis
revealed no statistical differences either in the reading interference values (interaction
F(2, 12) = 0.1374; p = 0.8729; time F(2, 12) = 0.5171; p = 0.6090) or in the naming interference
values (interaction F(2, 12) = 1.647; p = 0.2334; time F(2, 12) = 0.8909; p = 0.4358), but a
noticeable trend in naming was noticed (Figure 1).

J. Clin. Med. 2021, 10, x FOR PEER REVIEW 5 of 11 
 

 

  
Figure 1. Effect of acute normobaric hypoxia at various simulated altitudes (a.s.l.) on post-exposure interference values in 
reading (A) and in naming (B). Values are means. Error bars indicate ± SEM (standard error of the mean). 

  

  
Figure 2. Effect of normoxia and acute normobaric hypoxia at FIO2 = 13% on post-exposure inter-
ference values in reading (A) and in naming (B). Subsections (C,D) represent their deltas. Values 
are means. Error bars indicate SEM (standard error of the mean). * p < 0.05; ** p < 0.01. 

Figure 1. Effect of acute normobaric hypoxia at various simulated altitudes (a.s.l.) on post-exposure interference values in
reading (A) and in naming (B). Values are means. Error bars indicate ± SEM (standard error of the mean).



J. Clin. Med. 2021, 10, 1560 5 of 10

Experiment 2

As a result of Experiment 1 tests, we enlarged our group and performed cognitive
tests at simulated 3500 m a.s.l. (FIO2 = 13%). There were no statistical differences in reading
interference values (interaction F(1, 28) = 0.007749; p = 0.7828; time F(1, 28) = 0.03697;
p = 0.8489) (Figure 2A). However, statistically significant changes were observed in naming
interference values (interaction F(1, 28) = 5.404; p = 0.0276; time F(1, 28) = 11.73; p = 0.0019;
η2 = 0.16765) (Figure 2B). Next, contrast analysis between NOR (post–pre) versus NH
(post–pre) was performed. The delta reading interference was not significant: t = 0.9252;
p = 0.3705 (Figure 2C). Nevertheless, the delta in naming interference was significantly dif-
ferent between groups: t = 2.392; p = 0.0314; Cohen’s d = 0.878572, paired t-test (Figure 2D).
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3.2. Blood Saturation
Experiment 1

The tests revealed a decrease in blood saturation (between conditions F(1.197, 7.183) = 29.77;
p = 0.0007)), and these changes were adequate and correlated with the reduction in oxygen
concentration, which occurred with the increase in the simulated altitude (Figure 3).

Experiment 2

The saturation measurement at simulated 3500 m a.s.l. (FIO2 = 13%) for an enlarged
experimental group decreased (t = 18.5; p < 0.0001; Cohen’s d = 1.186634), and it is shown
in Figure 4.
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4. Discussion

In the present study, acute moderate NH led to a decline in post-exposure cognitive
performance. In contrast to our initial hypothesis, the hypoxic magnitude did not affect
differentially post-exposure cognitive functions.

It has been shown that a decrease in reaction time occurred at a simulated altitude
of 3600 m a.s.l. and above [27]. Moreover, Kourtidou-Papadeli et al. (2008) showed that
16 min exposure at simulated 8000 ft (approx. 2440 m a.s.l.) was enough to increase error
rate and decrease tracking performance [28].

The deterioration in human cognitive function in response to NH has been observed in
previous studies. However, cognitive testing was carried out during NH exposure [27,28,41,42].
We observed a decline in cognitive performance after 30 min exposure to NH at simulated
3500 m (FIO2 = 13%). Even if the oxygen level in the mixture was lowered to 10% O2, a
decline in cognitive functions was observed [2,27].

Based on our results, we can only speculate on the lack of potential impact of hypoxia
on increased CBF, which could compensate/eliminate the destructive effect of hypoxia [22],
since we did not measure it directly.

Moreover, we observe a post NH exposure decline in ST naming conditions. Color
naming is presumed to be a more controlled response than reading. In the incongruent
conditions in which the controlled naming response must be selected over the more habitual
reading response, response should be slower [43]. In the Stroop paradigm, inhibition is
thought to prevent the allocation of attention to the irrelevant stimulus dimension, allowing
the participants to focus on the relevant dimension (i.e., not the name of the word, but the
color of the ink in which the word is written) [43]. A decline in inhibitory control would
therefore produce greater Stroop interference. This explanation is consistent with both
behavioral and electrophysiological findings [44]. According to Bugg et al. (2007), the
decline in naming differs depending on age [43]; however, it is not relevant in the age
group that has been tested in our study [45]. It is possible that the NH exposure and thus
desaturation contributed to these changes, as has also been shown in a recent study [46].

In the first experiment, we observed a tendency indicating a cognitive ability to decline
in response to NH, but we did not observe any changes between the consecutive stages of
hypoxia and executive function. Furthermore, the lack of difference between the executive
function performance and hypoxia severity may arise from the cognitive testing time.
Cognitive testing was carried out immediately after 30 min of exposure to hypoxia, under
normoxic conditions, where the observed level of blood saturation corresponded to NOR.
Since we did not notice significant differences between the various stages of hypoxia,
for safety reasons, we decided to increase participant enlargement in the NH (simulated
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altitude 3500 m a.s.l) group (Experiment 2). After increasing the number of subjects, we
observed a significant executive function impairment as a result of NH exposure.

However, attention should be paid to the previously described large individual re-
sponse to hypoxia exposure [47,48] and the small sample of participants in the first phase
of the study (Experiment 1).

Furthermore, in our study, cognitive tests were performed immediately after hypoxic
exposure, where we could expect the reperfusion effect and thus improvement of cognitive
functions, as has already been described in animal models [49] as well as in humans [50–53].
The mechanism of post-exposure cognitive improvement could be a result of increased
nervous tissue supply in oxygen, energy, and/or hormones as a result of increased blood
flow [54,55]. Furthermore, the moderate oxidative stress and inflammation induced by
hypoxic exposure could stimulate/modulate the synthesis and/or release of BDNF and pre-
vent hippocampal impairment [31,32,56]. Despite the lack of similar results in the literature
on the executive functions following NH exposure, it seems that the changes in reaction
time are associated with increased growth factor production, including upregulation of
BDNF, which plays a critical role in sustaining memory function [57]. Hypoxia-sensitive
genes regulate hypoxia-inducible factor 1, which regulates BDNF. Hypoxia-induced BDNF
production can facilitate memory function by improving synaptic strength.

A few limitations of this study must be mentioned. The small sample size could have
disturbed detection of significant differences in Experiment 1 group. Secondly, the study
involved a specific group that could be enlarged to evaluate, e.g., age or sex difference.
Thirdly, the cerebral blood flow and BDNF concentration were not measured. Thus, further
investigations are needed.

In conclusion, the current findings indicate that NH exposure impairs cognition
among healthy, young, physically active men even if cognitive tests are performed in NOR
conditions immediately after exposure.

Author Contributions: Conceptualization, M.C., T.G., and R.L.; methodology, M.C. and R.L.; soft-
ware, M.C. and T.G.; validation, M.C. and R.L.; formal analysis, M.C. and T.G.; investigation, M.C.
and R.L.; resources, M.C.; data curation, M.C.; writing—original draft preparation, M.C., M.K., K.M.,
T.G., and R.L.; writing—review and editing, M.C. and R.L.; visualization, M.C. and T.G.; supervision,
R.L.; project administration, T.G.; funding acquisition, T.G. and R.L. All authors have read and agreed
to the published version of the manuscript.

Funding: Gratitude is expressed to all the participants involved in this study. This project was
supported by the National Science Centre: grant No. 2621/B/P01/2011/40.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the local Ethics Committee and the Bioethical Committee
of the Regional Medical Society in Gdansk (KB-9/16).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Acknowledgments: Gratitude is expressed to all the participants involved in this study. Special
appreciation goes to Sylwester Kujach for his comments and support during the experiment.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Vingerhoets, G.; Stroobant, N. Lateralization of cerebral blood flow velocity changes during cognitive tasks. A simultaneous

bilateral transcranial doppler study. Stroke 1999, 30, 2152–2158. [CrossRef]
2. Turner, C.E.; Barker-Collo, S.L.; Connell, C.J.; Gant, N. Acute hypoxic gas breathing severely impairs cognition and task learning

in humans. Physiol. Behav. 2015, 142, 104–110. [CrossRef]
3. Elman, I.; Sokoloff, L.; Adler, C.M.; Weisenfeld, N.; Breier, A. The effects of pharmacological doses of 2-deoxyglucose on cerebral

blood flow in healthy volunteers. Brain Res. 1999, 815, 243–249. [CrossRef]
4. Grafton, S.T.; Mazziotta, J.C.; Presty, S.; Friston, K.J.; Frackowiak, R.S.; Phelps, M.E. Functional anatomy of human procedural

learning determined with regional cerebral blood flow and PET. J. Neurosci. Off. J. Soc. Neurosci. 1992, 12, 2542–2548. [CrossRef]
5. Phelps, M.E.; Mazziotta, J.C. Positron emission tomography: Human brain function and biochemistry. Science 1985, 228, 799–809.

[CrossRef]

http://doi.org/10.1161/01.STR.30.10.2152
http://doi.org/10.1016/j.physbeh.2015.02.006
http://doi.org/10.1016/S0006-8993(98)01137-8
http://doi.org/10.1523/JNEUROSCI.12-07-02542.1992
http://doi.org/10.1126/science.2860723


J. Clin. Med. 2021, 10, 1560 9 of 10

6. Shetty, P.K.; Galeffi, F.; Turner, D.A. Cellular Links between Neuronal Activity and Energy Homeostasis. Front. Pharmacol. 2012, 3,
43. [CrossRef]

7. Kryskow, M.A.; Beidleman, B.A.; Fulco, C.S.; Muza, S.R. Performance during simple and complex military psychomotor tasks at
various altitudes. Aviat. Space Environ. Med. 2013, 84, 1147–1152. [CrossRef]

8. Pun, M.; Guadagni, V.; Drogos, L.L.; Pon, C.; Hartmann, S.E.; Furian, M.; Lichtblau, M.; Muralt, L.; Bader, P.R.; Moraga, F.A.; et al.
Cognitive effects of repeated acute exposure to very high altitude Among altitude-experienced workers at 5050 m. High Alt. Med.
Biol. 2019, 20, 361–374. [CrossRef] [PubMed]

9. Rimoldi, S.F.; Rexhaj, E.; Duplain, H.; Urben, S.; Billieux, J.; Allemann, Y.; Romero, C.; Ayaviri, A.; Salinas, C.; Villena, M.; et al.
Acute and chronic altitude-induced cognitive dysfunction in children and adolescents. J. Pediatrics 2016, 169, 238–243. [CrossRef]
[PubMed]

10. Anderson, C.A.; Arciniegas, D.B. Cognitive sequelae of hypoxic-ischemic brain injury: A review. NeuroRehabilitation 2010, 26,
47–63. [CrossRef] [PubMed]

11. Armengol, C.G. Acute oxygen deprivation: Neuropsychological profiles and implications for rehabilitation. Brain Inj. 2000, 14,
237–250. [CrossRef]

12. Hopkins, R.O.; Gale, S.D.; Johnson, S.C.; Anderson, C.V.; Bigler, E.D.; Blatter, D.D.; Weaver, L.K. Severe anoxia with and without
concomitant brain atrophy and neuropsychological impairments. J. Int. Neuropsychol. Soc. JINS 1995, 1, 501–509. [CrossRef]
[PubMed]

13. Hopkins, R.O.; Tate, D.F.; Bigler, E.D. Anoxic versus traumatic brain injury: Amount of tissue loss, not etiology, alters cognitive
and emotional function. Neuropsychology 2005, 19, 233–242. [CrossRef] [PubMed]

14. Peskine, A.; Picq, C.; Pradat-Diehl, P. Cerebral anoxia and disability. Brain Inj. 2004, 18, 1243–1254. [CrossRef] [PubMed]
15. Peskine, A.; Rosso, C.; Picq, C.; Caron, E.; Pradat-Diehl, P. Neurological sequelae after cerebral anoxia. Brain Inj. 2010, 24, 755–761.

[CrossRef] [PubMed]
16. Wilson, B.A. Cognitive functioning of adult survivors of cerebral hypoxia. Brain Inj. 1996, 10, 863–874. [CrossRef] [PubMed]
17. Wilson, F.C.; Harpur, J.; Watson, T.; Morrow, J.I. Adult survivors of severe cerebral hypoxia–case series survey and comparative

analysis. NeuroRehabilitation 2003, 18, 291–298. [CrossRef]
18. Allone, C.; Lo Buono, V.; Corallo, F.; Bonanno, L.; Palmeri, R.; Di Lorenzo, G.; Marra, A.; Bramanti, P.; Marino, S. Cognitive impair-

ment in Parkinson’s disease, Alzheimer’s dementia, and vascular dementia: The role of the clock-drawing test. Psychogeriatrics
Off. J. Jpn. Psychogeriatr. Soc. 2018, 18, 123–131. [CrossRef] [PubMed]

19. Fujishima, M.; Ibayashi, S.; Fujii, K.; Mori, S. Cerebral blood flow and brain function in hypertension. Hypertens. Res. Off. J. Jpn.
Soc. Hypertens. 1995, 18, 111–117. [CrossRef]

20. Hase, Y.; Horsburgh, K.; Ihara, M.; Kalaria, R.N. White matter degeneration in vascular and other ageing-related dementias. J.
Neurochem. 2018, 144, 617–633. [CrossRef]

21. Mori, S.; Sadoshima, S.; Ibayashi, S.; Lino, K.; Fujishima, M. Relation of cerebral blood flow to motor and cognitive functions in
chronic stroke patients. Stroke 1994, 25, 309–317. [CrossRef]

22. McMorris, T.; Hale, B.J.; Barwood, M.; Costello, J.; Corbett, J. Effect of acute hypoxia on cognition: A systematic review and
meta-regression analysis. Neurosci. Biobehav. Rev. 2017, 74, 225–232. [CrossRef]

23. Friedmann, B.; Frese, F.; Menold, E.; Bartsch, P. Effects of acute moderate hypoxia on anaerobic capacity in endurance-trained
runners. Eur. J. Appl. Physiol. 2007, 101, 67–73. [CrossRef] [PubMed]

24. Navarrete-Opazo, A.; Mitchell, G.S. Therapeutic potential of intermittent hypoxia: A matter of dose. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 2014, 307, R1181–R1197. [CrossRef] [PubMed]

25. Rodriguez, F.A.; Ventura, J.L.; Casas, M.; Casas, H.; Pages, T.; Rama, R.; Ricart, A.; Palacios, L.; Viscor, G. Erythropoietin acute
reaction and haematological adaptations to short, intermittent hypobaric hypoxia. Eur. J. Appl. Physiol. 2000, 82, 170–177.
[CrossRef] [PubMed]

26. Twomey, R.; Wrightson, J.; Fletcher, H.; Avraam, S.; Ross, E.; Dekerle, J. Exercise-induced fatigue in severe hypoxia after an
intermittent hypoxic protocol. Med. Sci. Sports Exerc. 2017, 49, 2422–2432. [CrossRef] [PubMed]

27. Li, X.Y.; Wu, X.Y.; Fu, C.; Shen, X.F.; Yang, C.B.; Wu, Y.H. Effects of acute exposure to mild or moderate hypoxia on human
psychomotor performance and visual-reaction time. Hang Tian Yi Xue Yu Yi Xue Gong Cheng = Space Med. Med. Eng. 2000, 13,
235–239.

28. Kourtidou-Papadeli, C.; Papadelis, C.; Koutsonikolas, D.; Boutzioukas, S.; Styliadis, C.; Guiba-Tziampiri, O. High altitude
cognitive performance and COPD interaction. Hippokratia 2008, 12 (Suppl. 1), 84–90.

29. Pavlicek, V.; Schirlo, C.; Nebel, A.; Regard, M.; Koller, E.A.; Brugger, P. Cognitive and emotional processing at high altitude. Aviat.
Space Environ. Med. 2005, 76, 28–33.

30. Taylor, L.; Watkins, S.L.; Marshall, H.; Dascombe, B.J.; Foster, J. The Impact of different environmental conditions on cognitive
function: A focused review. Front. Physiol. 2015, 6, 372. [CrossRef]

31. Rybnikova, E.; Vataeva, L.; Tyulkova, E.; Gluschenko, T.; Otellin, V.; Pelto-Huikko, M.; Samoilov, M.O. Mild hypoxia precon-
ditioning prevents impairment of passive avoidance learning and suppression of brain NGFI-A expression induced by severe
hypoxia. Behav. Brain Res. 2005, 160, 107–114. [CrossRef] [PubMed]

http://doi.org/10.3389/fphar.2012.00043
http://doi.org/10.3357/ASEM.3245.2013
http://doi.org/10.1089/ham.2019.0012
http://www.ncbi.nlm.nih.gov/pubmed/31651199
http://doi.org/10.1016/j.jpeds.2015.10.009
http://www.ncbi.nlm.nih.gov/pubmed/26541425
http://doi.org/10.3233/NRE-2010-0535
http://www.ncbi.nlm.nih.gov/pubmed/20130355
http://doi.org/10.1080/026990500120718
http://doi.org/10.1017/S135561770000059X
http://www.ncbi.nlm.nih.gov/pubmed/9375235
http://doi.org/10.1037/0894-4105.19.2.233
http://www.ncbi.nlm.nih.gov/pubmed/15769207
http://doi.org/10.1080/02699050410001719899
http://www.ncbi.nlm.nih.gov/pubmed/15666568
http://doi.org/10.3109/02699051003709581
http://www.ncbi.nlm.nih.gov/pubmed/20370382
http://doi.org/10.1080/026990596123846
http://www.ncbi.nlm.nih.gov/pubmed/8939305
http://doi.org/10.3233/NRE-2003-18403
http://doi.org/10.1111/psyg.12294
http://www.ncbi.nlm.nih.gov/pubmed/29417704
http://doi.org/10.1291/hypres.18.111
http://doi.org/10.1111/jnc.14271
http://doi.org/10.1161/01.STR.25.2.309
http://doi.org/10.1016/j.neubiorev.2017.01.019
http://doi.org/10.1007/s00421-007-0473-0
http://www.ncbi.nlm.nih.gov/pubmed/17486360
http://doi.org/10.1152/ajpregu.00208.2014
http://www.ncbi.nlm.nih.gov/pubmed/25231353
http://doi.org/10.1007/s004210050669
http://www.ncbi.nlm.nih.gov/pubmed/10929210
http://doi.org/10.1249/MSS.0000000000001371
http://www.ncbi.nlm.nih.gov/pubmed/28708702
http://doi.org/10.3389/fphys.2015.00372
http://doi.org/10.1016/j.bbr.2004.11.023
http://www.ncbi.nlm.nih.gov/pubmed/15836905


J. Clin. Med. 2021, 10, 1560 10 of 10

32. Zhu, X.H.; Yan, H.C.; Zhang, J.; Qu, H.D.; Qiu, X.S.; Chen, L.; Li, S.J.; Cao, X.; Bean, J.C.; Chen, L.H.; et al. Intermittent hypoxia
promotes hippocampal neurogenesis and produces antidepressant-like effects in adult rats. J. Neurosci. Off. J. Soc. Neurosci. 2010,
30, 12653–12663. [CrossRef]

33. Schega, L.; Peter, B.; Brigadski, T.; Lessmann, V.; Isermann, B.; Hamacher, D.; Torpel, A. Effect of intermittent normobaric hypoxia
on aerobic capacity and cognitive function in older people. J. Sci. Med. Sport 2016, 19, 941–945. [CrossRef] [PubMed]

34. Kushwah, N.; Jain, V.; Deep, S.; Prasad, D.; Singh, S.B.; Khan, N. Neuroprotective role of intermittent hypobaric hypoxia in
unpredictable chronic mild stress induced depression in rats. PLoS ONE 2016, 11, e0149309. [CrossRef] [PubMed]

35. Loprinzi, P.D.; Matalgah, A.; Crawford, L.; Yu, J.J.; Kong, Z.; Wang, B.; Liu, S.; Zou, L. Effects of acute normobaric hypoxia on
memory interference. Brain Sci. 2019, 9, 323. [CrossRef] [PubMed]

36. Virues-Ortega, J.; Buela-Casal, G.; Garrido, E.; Alcazar, B. Neuropsychological functioning associated with high-altitude exposure.
Neuropsychol. Rev. 2004, 14, 197–224. [CrossRef]

37. Wang, H.; Yuan, G.; Prabhakar, N.R.; Boswell, M.; Katz, D.M. Secretion of brain-derived neurotrophic factor from PC12 cells in
response to oxidative stress requires autocrine dopamine signaling. J. Neurochem. 2006, 96, 694–705. [CrossRef]

38. Kujach, S.; Olek, R.A.; Byun, K.; Suwabe, K.; Sitek, E.J.; Ziemann, E.; Laskowski, R.; Soya, H. Acute sprint interval exercise
increases both cognitive functions and peripheral neurotrophic factors in humans: The possible involvement of lactate. Front.
Neurosci. 2019, 13, 1455. [CrossRef]

39. Shatilo, V.B.; Korkushko, O.V.; Ischuk, V.A.; Downey, H.F.; Serebrovskaya, T.V. Effects of intermittent hypoxia training on exercise
performance, hemodynamics, and ventilation in healthy senior men. High Alt. Med. Biol. 2008, 9, 43–52. [CrossRef] [PubMed]

40. Griffin, E.W.; Mullally, S.; Foley, C.; Warmington, S.A.; O’Mara, S.M.; Kelly, A.M. Aerobic exercise improves hippocampal function
and increases BDNF in the serum of young adult males. Physiol. Behav. 2011, 104, 934–941. [CrossRef]

41. Asmaro, D.; Mayall, J.; Ferguson, S. Cognition at altitude: Impairment in executive and memory processes under hypoxic
conditions. Aviat. Space Environ. Med. 2013, 84, 1159–1165. [CrossRef]

42. Xu, L.; Wu, Y.; Zhao, T.; Liu, S.H.; Zhu, L.L.; Fan, M.; Wu, K.W. Effect of high altitude hypoxia on cognitive flexibility. Zhongguo
Ying Yong Sheng Li Xue Za Zhi = Zhongguo Yingyong Shenglixue Zazhi = Chin. J. Appl. Physiol. 2014, 30, 106–109.

43. Bugg, J.M.; DeLosh, E.L.; Davalos, D.B.; Davis, H.P. Age differences in Stroop interference: Contributions of general slowing and
task-specific deficits. Aging Neuropsychol. Cogn. 2007, 14, 155–167. [CrossRef]

44. Ochi, G.; Yamada, Y.; Hyodo, K.; Suwabe, K.; Fukuie, T.; Byun, K.; Dan, I.; Soya, H. Neural basis for reduced executive
performance with hypoxic exercise. NeuroImage 2018, 171, 75–83. [CrossRef]

45. Bugg, J.M.; Zook, N.A.; DeLosh, E.L.; Davalos, D.B.; Davis, H.P. Age differences in fluid intelligence: Contributions of general
slowing and frontal decline. Brain Cogn. 2006, 62, 9–16. [CrossRef]

46. Ochi, G.; Kanazawa, Y.; Hyodo, K.; Suwabe, K.; Shimizu, T.; Fukuie, T.; Byun, K.; Soya, H. Hypoxia-induced lowered executive
function depends on arterial oxygen desaturation. J. Physiol. Sci. JPS 2018, 68, 847–853. [CrossRef]

47. Chapman, R.F. The individual response to training and competition at altitude. Br. J. Sports Med. 2013, 47 (Suppl. 1), i40–i44.
[CrossRef]

48. Friedmann, B.; Frese, F.; Menold, E.; Bartsch, P. Individual variation in the reduction of heart rate and performance at lactate
thresholds in acute normobaric hypoxia. Int. J. Sports Med. 2005, 26, 531–536. [CrossRef]

49. Guo, X.F.; Zhao, Y.N.; Li, J.M.; Chen, C.X.; Li, S.X. Effect of obstructive sleep apnea hypoxia on learning memory capacity after
cerebral ischemia-reperfusion in rats. Zhonghua Er Bi Yan Hou Tou Jing Wai Ke Za Zhi = Chin. J. Otorhinolaryngol. Head Neck Surg.
2016, 51, 282–285. [CrossRef]

50. Bayer, U.; Likar, R.; Pinter, G.; Stettner, H.; Demschar, S.; Trummer, B.; Neuwersch, S.; Glazachev, O.; Burtscher, M. Intermittent
hypoxic-hyperoxic training on cognitive performance in geriatric patients. Alzheimer’s Dement. 2017, 3, 114–122. [CrossRef]

51. Jung, M.E.; Mallet, R.T. Intermittent hypoxia training: Powerful, non-invasive cerebroprotection against ethanol withdrawal
excitotoxicity. Respir. Physiol. Neurobiol. 2018, 256, 67–78. [CrossRef] [PubMed]

52. Serebrovska, Z.O.; Serebrovska, T.V.; Kholin, V.A.; Tumanovska, L.V.; Shysh, A.M.; Pashevin, D.A.; Goncharov, S.V.; Stroy, D.;
Grib, O.N.; Shatylo, V.B.; et al. Intermittent hypoxia-hyperoxia training improves cognitive function and decreases circulating
biomarkers of alzheimer’s disease in patients with mild cognitive impairment: A pilot study. Int. J. Mol. Sci. 2019, 20, 5405.
[CrossRef] [PubMed]

53. Shimada, Y.; Kobayashi, M.; Yoshida, K.; Terasaki, K.; Fujiwara, S.; Kubo, Y.; Beppu, T.; Ogasawara, K. Reduced hypoxic tissue and
cognitive improvement after revascularization surgery for chronic cerebral ischemia. Cerebrovasc. Dis. 2019, 47, 57–64. [CrossRef]

54. Dreimuller, N.; Schlicht, K.F.; Wagner, S.; Peetz, D.; Borysenko, L.; Hiemke, C.; Lieb, K.; Tadic, A. Early reactions of brain-derived
neurotrophic factor in plasma (pBDNF) and outcome to acute antidepressant treatment in patients with major depression.
Neuropharmacology 2012, 62, 264–269. [CrossRef]

55. Scholzke, M.N.; Schwaninger, M. Transcriptional regulation of neurogenesis: Potential mechanisms in cerebral ischemia. J. Mol.
Med. 2007, 85, 577–588. [CrossRef]

56. Xie, H.; Leung, K.L.; Chen, L.; Chan, Y.S.; Ng, P.C.; Fok, T.F.; Wing, Y.K.; Ke, Y.; Li, A.M.; Yung, W.H. Brain-derived neurotrophic
factor rescues and prevents chronic intermittent hypoxia-induced impairment of hippocampal long-term synaptic plasticity.
Neurobiol. Dis. 2010, 40, 155–162. [CrossRef]

57. Loprinzi, P.D.; Frith, E. A brief primer on the mediational role of BDNF in the exercise-memory link. Clin. Physiol. Funct. Imaging
2019, 39, 9–14. [CrossRef]

http://doi.org/10.1523/JNEUROSCI.6414-09.2010
http://doi.org/10.1016/j.jsams.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/27134133
http://doi.org/10.1371/journal.pone.0149309
http://www.ncbi.nlm.nih.gov/pubmed/26901349
http://doi.org/10.3390/brainsci9110323
http://www.ncbi.nlm.nih.gov/pubmed/31739561
http://doi.org/10.1007/s11065-004-8159-4
http://doi.org/10.1111/j.1471-4159.2005.03572.x
http://doi.org/10.3389/fnins.2019.01455
http://doi.org/10.1089/ham.2007.1053
http://www.ncbi.nlm.nih.gov/pubmed/18331220
http://doi.org/10.1016/j.physbeh.2011.06.005
http://doi.org/10.3357/ASEM.3661.2013
http://doi.org/10.1080/138255891007065
http://doi.org/10.1016/j.neuroimage.2017.12.091
http://doi.org/10.1016/j.bandc.2006.02.006
http://doi.org/10.1007/s12576-018-0603-y
http://doi.org/10.1136/bjsports-2013-092837
http://doi.org/10.1055/s-2004-821326
http://doi.org/10.3760/cma.j.issn.1673-0860.2016.04.008
http://doi.org/10.1016/j.trci.2017.01.002
http://doi.org/10.1016/j.resp.2017.08.007
http://www.ncbi.nlm.nih.gov/pubmed/28811138
http://doi.org/10.3390/ijms20215405
http://www.ncbi.nlm.nih.gov/pubmed/31671598
http://doi.org/10.1159/000497244
http://doi.org/10.1016/j.neuropharm.2011.07.017
http://doi.org/10.1007/s00109-007-0196-z
http://doi.org/10.1016/j.nbd.2010.05.020
http://doi.org/10.1111/cpf.12522

	Introduction 
	Materials and Methods 
	Participants 
	Measures 
	Anthropometric Measurements 
	Normobaric Hypoxia (NH) 

	Cognitive Functions 
	Stroop Interference Test (ST) 
	Design and Procedures 
	Statistical Analysis 


	Results 
	Cognitive Functions 
	Blood Saturation 

	Discussion 
	References

