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Abstract: Background: This study aimed to observe the effects of a fast acute ascent to simulated high
altitudes on cardiovascular function both in the main arteries and in peripheral circulation. Methods:
We examined 17 healthy volunteers, between 18 and 50 years old, at sea level, at 3842 m of hypobaric
hypoxia and after return to sea level. Cardiac output (CO) was measured with Doppler transthoracic
echocardiography. Oxygen delivery was estimated as the product of CO and peripheral oxygen
saturation (SpO2). The brachial artery’s flow-mediated dilation (FMD) was measured with the ultra-
sound method. Post-occlusion reactive hyperemia (PORH) was assessed by digital plethysmography.
Results: During altitude stay, peripheral oxygen saturation decreased (84.9 ± 4.2% of pre-ascent
values; p < 0.001). None of the volunteers presented any hypoxia-related symptoms. Nevertheless,
an increase in cardiac output (143.2 ± 36.2% of pre-ascent values, p < 0.001) and oxygen delivery
index (120.6 ± 28.4% of pre-ascent values; p > 0.05) was observed. FMD decreased (97.3 ± 4.5% of pre-
ascent values; p < 0.05) and PORH did not change throughout the whole experiment. The observed
changes disappeared after return to sea level, and normoxia re-ensued. Conclusions: Acute exposure
to hypobaric hypoxia resulted in decreased oxygen saturation and increased compensatory heart
rate, cardiac output and oxygen delivery. Pre-occlusion vascular diameters increase probably due
to the reduction in systemic vascular resistance preventing flow-mediated dilation from increasing.
Mean Arterial Pressure possibly decrease for the same reason without altering post-occlusive reactive
hyperemia throughout the whole experiment, which shows that compensation mechanisms that
increase oxygen delivery are effective.

Keywords: hypobaric; nitric oxide; vascular reactions; breathing; extreme environments; human;
permissive hypoxemia

1. Introduction

Altitude exposes the body to different kinds of environmental constraints, inducing
a cascade of physiological adaptations in humans [1]. Indeed, changes in response to the
lower partial pressure of oxygen include an increase in cardiac output due to increased
sympathetic activity [2]. Hypoxia also induces a decrease in free radicals known to interfere
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with endothelial function [3] and a response from the central respiratory center: the hypoxia
ventilatory response, or HVR [2]. This leads to an hypocapnic hyperventilation, which in
turn stimulates the kidney to excrete more bicarbonate to compensate alkalosis.

Insufficient or inadequate adaptation can lead to symptoms such as headache, nausea,
vertigo, fatigue, and cognitive disorders called acute mountain sickness [4,5]. This may
partake in the appearance of high altitude-related illnesses, even after an acute exposure to
hypobaric hypoxia [6].

The “Aiguille du Midi” in the Chamonix valley is one of the most visited high-altitude sites
in the French Alps. Each year, more than 500,000 visitors come to admire some of Europe’s
highest summits, reaching an altitude of 3842 m by taking a twenty-minute cable car ride.

The literature describes the effects of altitude after a night, a week, or longer periods
of stay, but seldom the acute effects after a stay of only several hours. The objective of this
research is to observe whether a short exposure to hypobaric hypoxia, comparable to the
ascent to the “Aiguille du Midi”, could influence cardiovascular function for unacclimatized
tourists. A study on the influence of a stay of several hours at a simulated high altitude on
cognitive function has already been published by our group [7].

2. Materials and Methods

This was a cross-sectional prospective study in the hypobaric chamber of the Queen
Astrid Military Hospital in Brussels, Belgium. The experimental protocol is represented
in Figure 1. All experimental procedures were conducted following the Declaration of
Helsinki [8] and were approved by the Academic Ethical Committee of Brussels (Brussels
Alliance for Research and Higher Education, B200-2013-127). Written informed signed
consent was received from all the volunteers enrolled. An ENT examination was also
performed on all participants before the start of the study.
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2.1. Study Population

All methods and potential risks were explained in detail to the participants. After
written, informed consent, 17 subjects were enrolled in the study. They were eligible if they
(1) were in good physical shape and (2) were aged between 18 and 50 years old. Exclusion
criteria were (1) smoking, (2) high-level athletes, (3) known arterial hypertension, (4) any
respiratory, cardiovascular, neurological or chronic diseases, and (5) treatment with any
cardiovascular medication. No antioxidant nutrients, i.e., dark chocolate, red wine, or green
tea, were permitted 8 h preceding and during the study. The subjects were also asked not
to dive 48 h before the experiment and not to fly within 72 h before the experiment.

2.2. Experimental Protocol

The study took place in the Queen Astrid military hospital in Neder-Over-Heembeek
(Brussels Region). The experiments were carried out over 2 days with 2 groups of 8 and
9 subjects. A climb in altitude was simulated by means of a hypobaric chamber to reach a
pressure comparable to the Aiguille du Midi (3842 m). The ascent and descent took place
gradually for 20 min. No physical exercise was performed during the whole procedure
and participants were comfortably seated in a pilot seat which is the standard seat in the
hypobaric chamber. A physician monitored individuals during the whole procedure for
symptoms related to hypoxia, i.e., headache, nausea, vertigo, tiredness. No supplementary
oxygen was provided unless there were clinical signs of hypoxia. Peripheral oxygen
saturation (SpO2) and heart rate (HR) were continuously monitored (every participant had
a monitor above their seat continuously displaying their personal HR and SpO2).

Peripheral oxygen saturation (SpO2), heart rate, arterial blood pressure, and cardiac
and vascular parameters were measured at the following time intervals: before the rise
in altitude (baseline), one hour after arrival at 3842 m and 1 h after the return to normal
pressure conditions. (Figure 2).
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Figure 2. Changes in altitude during experiment. Measurements were taken at sea level, at 3842 m
and 1 h after return to sea level.

2.3. Measurements
2.3.1. Oxygen Saturation and Heart Rate

Blood oxygen saturation (SpO2) and heart rate in beats per minute (bpm) were mea-
sured in the finger through an oximeter (Hand-Held Pulse Oximeter—CMS60 F—Contec
Medical Systems Co., Ltd., Qinhuangdao, China) including an infrared light probe placed
on the subject’s finger. It was expressed in %. The measure took a few seconds.
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2.3.2. Cardiac Parameters

Using Doppler transthoracic echocardiography (transducer Mindray M7, Mindray
Bio-Medical Electronics, Shenzhen, China), we measured the left ventricular outflow tract
(LVOT) and blood velocity time integral (VTI) before the ascent. Measurement of VTI was
repeated after a stay at 3842 m and 1 h after return to baseline level. All measurements
were stored and analyzed offline. Three consecutive velocity curves were measured,
and the average VTI was calculated. Using the continuity (continuity equation) principle,
we calculated the stroke volume and the cardiac output according to the following usual
formula: Q = (CSA × VTI) × HR, where CSA= LVOT r2 × π (CSA is the valve orifice cross
sectional area, r is the valve radius, VTI is the velocity time integral of the trace of the
Doppler flow profile and HR is the heart rate). As the result of the formula can be altered
by different parameters, of which one is (de)hydration (which can significantly interfere
with cardiac output), a quick subchondral view for assessment of the inferior vena cava
diameter (qualitative evaluation) was performed; this led to detection of 2 participants with
clinically relevant dehydration. As the calculation could not be accepted, these two were
therefore not considered for these measurements.

Oxygen delivery is formally calculated using the hemoglobin oxygen saturation,
dissolved oxygen content in arterial blood and cardiac output (CO). Given that dissolved
oxygen content contribution to oxygen delivery value is minimal in this setting, we elim-
inated this variable. Furthermore, we were interested in the changes in oxygen delivery,
and we considered that hemoglobin concentration remained unchanged during the study
period. Therefore, to evaluate oxygen delivery changes, we used the product of cardiac
output and peripheral O2 saturation (DO2 index).

Systemic Vascular Resistances

Systemic Vascular Resistances were calculated through the following formula:
SVR = (MAP − CVP/CO) × 80 and expressed in dyne.sec.cm−5, where SVR is systemic
vascular resistances, MAP is mean systemic arterial pressure, CVP is central venous pres-
sure and CO is the cardiac output [9]. CVP is near zero in normal subjects and has not been
considered for SVR calculations.

2.3.3. Vascular Parameters
Blood Pressure

Systemic arterial blood pressure was measured after a 5 min rest in a supine posi-
tion by an automated measuring device (Omron M5-I, Omron Healthcare, Hoofddorp,
The Netherlands). Both systolic (SBP) and diastolic (DBP) blood pressure were measured
and expressed in mmHg. Mean arterial blood pressure (MAP) was calculated with the
following formula: MAP= (SBP + 2 × DBP)/3 [10]. All pressures were expressed in mmHg.

Flow Mediated Dilation (FMD)

FMD, an established measure of the endothelium-dependent vasodilation mediated by
nitric oxide (NO) [11], was used to assess the effect of altitude on the main conduit arteries.
Subjects were at rest for 10 min in a supine position before the measurements were taken.
Brachial artery diameter was measured by means of a 5.0–10.0 MHz linear transducer
using a Mindray DP-30 digital diagnostic ultrasound system immediately before and one
minute after 5 min ischemia induced by inflating a cuff placed on the forearm to 180 mmHg,
as described previously [12].

All ultrasound assessments were performed by an experienced operator (ST), with
more than 100 scans/year, which is recommended to maintain competency with the
FMD method [13].

On the images chosen for analysis, the boundaries for diameter measurement were
identified manually with an electronic caliper (provided by the ultrasonography software)
in a threefold repetition pattern to calculate the mean value.
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FMD was calculated as the percentage increase in arterial diameter from the resting
state to maximal dilation (post-occlusion diameter/pre-occlusion diameter * 100).

Post-Occlusive Hyperemia (PORH)

The relative dilation of small arteries was measured by post-occlusion reactive hyper-
emia (PORH). This technique was recently demonstrated as useful in measuring peripheral
vascular function [14]. A plethysmographic probe (Cardiovarisc, FLOMEDI, Belgium)
was placed on the index finger of both hands during the entire FMD procedure., the am-
plitude tracing of the two fingers was recorded. During cuff inflation, flow is occluded,
and it is restored with values above baseline after cuff release (hyperemic period). In the
contralateral control finger, flow continues throughout, and pulse amplitude undergoes
minimal changes. In this test, the response of the pulse wave amplitude to hyperemia was
calculated from the hyperemic fingertip as the ratio of the post-deflation pulse amplitude
to the baseline amplitude as described in Kuznetsova et al. [14]. Photoplethysmography
works by emitting an infrared light at a wavelength of 940 nm to illuminate the skin and
measuring the amount of light reflected with a photodiode, which converts it into an
electrical current. The change in light absorption reflects the path length that the light
must travel in the bloodstream and therefore the dilation of the artery. The pulse trace was
displayed and recorded.

2.4. Statistical Analysis

Statistical analyses were conducted using GraphPad Prism 7 (La Jolla, CA, USA). Data
are given as a percentage of pre-ascension values. The difference between the percentage
of pre-ascension values and 100% was compared by a two-tailed one-sample t test when
normality of the sample was reached, as assessed by the d’Agostino and Pearson test.
Otherwise, the non-parametric Wilcoxon Rank Sum test was used. Comparison between
parameters at altitude and after return to sea level was achieved by means of a paired t-test
or Wilcoxon matched-pairs signed rank test where appropriate. Comparisons between
absolute values were performed by repeated measures one-way ANOVA or Friedman
test when normality was not assumed. Significance level was set at p < 0.05. All data are
presented as mean ± standard deviation (SD). Sample size was calculated by setting the
power of the study at 95% and assuming that variables would have been affected to a
similar extent as that observed in our previous studies [15].

3. Results
3.1. Study Population

Seventeen male volunteers were enrolled in the study (age: 26.1 ± 7.8 years, between
20 and 50 years; height: 179 ± 6.5 cm and weight: 77.9 ± 8.7 kg).

3.2. Environmental Conditions

The temperature in the hypobaric chamber was 23 ◦C and humidity was 32%. There
was no wind and no radiation

3.3. Hypoxia-Induced SpO2 Changes

At 3842 m, peripheral oxygen saturation was significantly decreased (84.9 ± 4.2%
of pre-ascent values; p < 0.001). None of the volunteers presented any hypoxia-related
symptoms at any time of the study.

3.4. Cardiac Parameters

We observed an increase in heart rate between sea level and 3842 m (125.4 ± 17.04% of
pre-ascent values; p < 0.001), returning to control values 1 h after the descent (100.5 ± 15.88%
of pre-ascent values, p > 0.05).

Cardiac output (143.2 ± 36.2% of pre-ascent values; p < 0.001) and oxygen delivery
index (120.6 ± 28.0; p < 0.05) also increased at 3842 m compared to pre-ascent values.
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One hour after returning to normobaric conditions, all returned to values comparable to
those before the ascent (p > 0.05 compared to pre-ascent values) (Figure 3).
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Systemic vascular resistances decreased at 3842 m (70.9 ± 17.0% of pre-ascent values;
p < 0.001) and returned to initial values 1 h after the descent.

3.5. Blood Pressure

The mean arterial pressure decreased at 3842 m compared to sea level values (93.1 ± 6.5%;
p < 0.001% of pre-ascent values), and this is the only parameter that still remained reduced
one hour after the return to normobaric conditions (95.9 ± 6.5% of pre-ascent values).

3.6. Vascular Parameters

Pre-occlusion diameters increased at 3842 m compared to baseline values (105.5 ± 4.7%
of control values; p < 0.001) and returned to basline one hour after return to normobaric
conditions (101.2 ± 3.6% of baseline values). Conversely, flow-mediated dilation (FMD)
decreased at 3842 m compared to pre-ascent values (97.27 ± 4.5% of control values; p < 0.05)
and returned to pre-ascent values 1 h after return to normobaric conditions (100.0 ± 5.3%
of control values; p > 0.05).

Post-occlusive reactive hyperemia (PORH) did not change throughout the experimen-
tation (120.5 ± 51.9% and 96.2 ± 32.6% of pre-ascent values at 3842 m and 1 h after return
to normobaric conditions, respectively).

Results (absolute values) are presented in Table 1.

Table 1. Absolute values of the saturation, cardiac and vascular parameters before ascent, at 3842 m
and 1 h after return to normobaric conditions. Results are given in mean ± SD. n = 17 for all
parameters except oxygen delivery index (n = 15), systemic vascular resistances (n = 12) and PORH
(n = 14). Results are compared to pre-ascent values. * p < 0.05; ** p < 0.01; *** p < 0.001; ns p > 0.05.

Pre-Ascent 3842 m 1 h Post-Descent n

SpO2 (%) 97.7 ± 0.9 83.1 ± 4.2 *** 97.8 ± 0.9 ns 17
Cardiac parameters

Heart rate (bpm) 66 ± 15 81 ± 15 *** 65 ± 12 ns 17
Oxygen delivery index 301.2 ±104.4 329.6 ± 81.6 * 266.3 ± 62.1 ns 15
Vascular parameters

Pre occlusion diameter (cm) 0.44 ± 0.04 0.46 ± 0.05 *** 0.45 ± 0.04 ns 17
Systolic blood pressure (mmHg) 127.2 ± 8.3 118.7 ± 12.8 ** 122.8 ± 18.0 * 17
Diastolic blood pressure (mmHg) 77.1 ± 7.6 71.4 ± 5.2 * 74.1 ± 9.5 ns 17

Mean blood pressure (mmHg) 93.9 ± 6.8 87.2 ± 5.4 ** 90.2 ± 11.6 * 17
Systemic vascular resistance

(dynes.sec.cm−5) 2428 ± 1049 1786 ± 418.4 ** 2726 ± 560 ns 12

PORH (%) 133.4 ± 67.4 145.8 ± 77.2 ns 116.1 ± 53.1 ns 14
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4. Discussion

The main findings of this study can be summarized as follows: (1) moderate acute
hypobaric hypoxemia in healthy volunteers did not cause any clinical signs of hypoxia and
increased the cardiac output and oxygen delivery, (2) moderate acute hypobaric hypoxemia
did not induce peripheral vasodilation, with a decrease in FMD, and (3) almost all changes
return to baseline values early after return to seal level oxygen pressures [16,17].

Increasing cardiac output and peripheral vasodilation are two major compensatory
mechanisms for hypoxia [18]. Both of the mechanisms aim to increase oxygen delivery
to the periphery. In a clinical setting, acute hypoxemia is an emergency that can lead to
tissue hypoxia and, if not compensated, cell death. Oxygen administration with higher
than the ambient fraction of oxygen is the first-line treatment of these patients. In clinical
practice, oxygenation targets for adult patients in the ICU are highly variable [19,20].
A multicenter study demonstrated no differences in mortality between low and high
targets of oxygenation [21]. These findings lead several clinicians to accept lower levels
of oxygen targets [22]. Nevertheless, given that the capacity to compensate hypoxemia
is highly variable across critically ill patients (with possible impairment of nitric oxyde
bioavailability), this strategy may lead to hypoxia in several cases [23,24]. Therefore,
understanding physiologic responses to hypoxemia is mandatory for avoiding hypoxia,
and this may help monitor critically ill patients and adapt oxygen targets [25].

These study results are on track with previous findings that in healthy individuals,
acute hypoxemia to peripheral saturation between 80–90% is not usually associated with
severe clinical symptoms [26]. An increase in oxygen delivery can putatively explain
this adjustment. In this study, we found that the increase in cardiac output compensated
greatly the decrease in oxygen saturation and even resulted in an increase in oxygen
delivery. Similar to previous studies [27], we observed an increase in heart rate during
acute hypoxemia that can be explained by sympathetic system activation [28]. Nevertheless,
in our study, the heart rate increase only partly explains the increase in the cardiac output
as we also observed an increase in the stroke volume. This apparent discrepancy with our
previously published results can be explained by the fact that in our previous experiment
we investigated a longer duration of hypoxemia, allowing enough time to adapt [11].
Therefore, the results of this study extend our knowledge on the cardiovascular effects of
moderate hypoxemia.

At the vascular level, we observe a decrease in systemic vascular resistance. This leads
to a decrease in arterial pressure and could also be the explanation for the increase in
pre-occlusion diameters. Since flow-mediated dilation is the ratio of pre- to post-occlusion
diameters, high pre-occlusion diameters already tend to reduce the FMD value.

Hypoxia also increases the expression and activity of Rho-kinase [29]. Rho-kinase facil-
itates the downregulation of the eNOS expression induced by hypoxia [29], thus reducing
the endothelial production of NO. Furthermore, hypoxia increases endothelin-1 (ET-1) lev-
els [30], impacting the eNOS inhibition via the Rho-kinase activation. This could explain the
decrease in the FMD, which indicates a decrease in NO production from the endothelium.
Similar observation was shown after a series of apneas by breath-holding divers [31].

Very recent data show an FMD increase during hypoxia [16], but this study used a
very short hypoxia (20 min); during a longer hypoxic exposure (as in the present study),
more hydroxyl radicals are endogenously produced [32]. These radicals can scavenge NO
and concomitantly reduce FMD, as presented in our results. Therefore, we conclude that
moderate hypoxemia without signs of hypoxia has no vasodilatory effects but may cause a
decrease in endothelial nitric oxide production, opposing the already known mechanism of
oxygen related vasoconstriction [33,34].

Our results are in agreement with previous studies showing that oxygen deprivation
results in a significant increase in the expression of iNOS due to the activation of the nuclear
transcription factor kappa B (NF-κB) [35,36]. It is well-known that NO production at the
vascular level relies on two different mechanisms: an inducible synthase (iNOS) expressed
upon the activation of a specific set of redox sensitive transcription factors, NF-kB possibly
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being the most important, and a constitutive one, the endothelial form eNOS, mainly
regulated by Ca availability.

We have previously reported that variations in the composition and pressure of
the air breathed are associated with a specific pattern of activation of oxygen-sensing
transcription factors, including NF-kB, NRF2 and HIF [37]. In fact, the vasodilatory effect
of superoxide dismutase in hyperoxia was not seen in animals given prior doses of the NO
synthase inhibitor [34].

Despite the increase in the cardiac output, we observed a decrease in the mean arterial
pressure during hypoxia. This can be explained by the decrease in peripheric vascular
resistance. Unlike all other parameters, blood pressure does not come back to normal
values one hour after returning to normoxic conditions [38]. This is probably a matter of
time. Blood pressure should therefore be monitored for a longer period after an ascent
to altitude.

Post-occlusive reactive hyperemia (PORH) remains unchanged throughout the exper-
iment. Since the compensatory mechanisms aim to increase oxygen delivery, it is likely
that hypoxia in the peripheral capillary bed is not sufficient to activate the mechanisms
found during longer periods of hypoxia. A difference in reactivity between the macro and
microcirculation is not new. Indeed, a study on divers showed that the response to exercise
in the small arteries near the muscle is bigger than the variation in partial pressures of
oxygen, leading to opposite effects on large arteries and peripheral circulation [3]. Later,
another study demonstrated that the macro- and microcirculation could be affected differ-
ently [39]. Indeed, the shear stress experienced by the endothelium during the occlusion
duration is lesser in small vascular conduits than in conductance arteries [40]. In addition,
microcirculatory vessels could be more sensitive to the effect of pressure alone [41]. All of
these mechanisms could explain why PORH does not change throughout the experiment
while FMD varies.

Even though the purpose of the study was to observe the effects of a rapid ascent to
altitude, the clinical implications of this study are multiple. First, the effects of permissive
hypoxemia should be evaluated independently of clinical symptoms in clinical practice.
An increase in oxygen delivery is the primary compensatory mechanism of permissive
hypoxemia. The application of permissive hypoxemia should be evaluated in the context of
patients’ capacity to increase cardiac output sufficiently to compensate for the decrease in
hemoglobin oxygen saturation. Of note, close monitoring of heart function is mandatory as
the increase in heart work and decreased NO production may cause cardiac dysfunction [42].
Second, hypoxemia-induced hemodynamic and vascular alterations are rapidly reversed
after normoxia instauration. Third, an FMD decrease can be used as an index to further
assess clinically significant hypoxemia. Future studies should evaluate whether FMD
changes can be used as a tool for oxygen treatment titration in clinical practice for avoiding
significant hypoxemia.

The strength of this study is that we investigated the hemodynamic effects of hypox-
emia in healthy young human beings. The volunteers did not carry out physical activity
during the study that could have further induced any local hypoxia or increased nitric
oxide production—permitting us to investigate the physiological mechanisms of hypox-
emia compensation. Furthermore, the degree of the hypoxemia and its installation velocity
were progressive, which is a clinically relevant scenario, particularly in critically ill patients.
However, this study has several limitations. First, hypoxemia was caused with the hypo-
baric method. Even though ambient pressure decreased slightly, we cannot exclude that it
did not affect our results. Secondly, we assessed cardiac output with cardiac echocardiog-
raphy, which is not a direct (invasive) method and therefore has its own limitations and
uncertainties. Nevertheless, although the difference in CO between echocardiography by
different types or sites and thermodilution was not entirely consistent, the overall effect of
a meta-analysis showed that no significant differences were observed between ultrasound
and thermodilution. In addition, the same investigator made all examinations, and analysis
of the images was made blindly offline.
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5. Conclusions

Acute exposure to hypobaric hypoxia resulted in decreased oxygen saturation and
increased compensatory heart rate and cardiac output. The reduction in systemic vascular
resistance is probably the explanation of the reduced mean blood pressure and the in-
creased pre-occlusion vascular diameters preventing flow-mediated dilation to significantly
increase at 3842 m. Post-occlusive reactive hyperemia did not change throughout the whole
experiment, which shows that compensation mechanisms that increase oxygen delivery are
effective. Almost all parameters return to normal values when coming back to normobaric
conditions. Finally, even if the study observed the effects of an acute ascent in altitude,
the clinical implications of this study are multiple.

Author Contributions: All authors listed have made a substantial, direct and intellectual contribution
to the work, and approved it for publication: Conceptualization: C.B., S.T., D.D.B., S.B. and P.G.
Investigation: S.T., S.B. and D.D.B. Resources: C.B., S.T., D.D.B. and P.G. Data curation: C.B., S.T.,
D.D.B., S.B., P.G., P.M.H. and G.B.; Writing—original draft preparation: C.B., S.T., D.D.B., S.B., P.G.
and P.M.H.; writing—review and editing, C.B., S.T., D.D.B., P.G., P.M.H., G.B. and G.O.; Writing: S.T.,
D.D.B., C.B., P.G., G.B., D.V., P.M.H. and G.O. Funding: C.B., D.D.B., S.T. and P.G. All authors have
read and agreed to the published version of the manuscript.

Funding: The research was supported by the DELTO2X Project funded by WBE (Wallonia-Brussels-
Education) Belgium to the Environmental, Occupational, Ageing (Integrative) Physiology Laboratory,
Haute Ecole Bruxelles-Brabant (HE2B), Belgium.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and received ethical approval from the Bio-Ethical Committee for Research and Higher
Education, Brussels (N◦ B 200-2013-127).

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

Data Availability Statement: Data are available at request from the authors.

Acknowledgments: Authors are grateful to volunteer participants and the Hyporbaric Centre of the
Queen Astrid Military Hospital for letting us use their facilities. Thanks also to Nicolas Marrone for
Figure 2. Our thoughts are also with David de Bels (co-author) who passed away during the revision
of this manuscript.

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

Abbreviations

CO or Q Cardiac Output
CSA Valve orifice Cross Sectional Aera
DO2index Oxygen delivery index
ENTexamination Ear, Nose and Throat examination
eNOS Endothelial Nitric Oxide Synthase
FMD Flow-Mediated Dilatation
HIF Hypoxia-inductible Factor
HR Heart rate
HVR Hypoxia Ventilatory Response
ICU Intensive Care Unit
iNOS Inductible Nitric Oxide Synthase
LVOT Left Ventricular Outflow Tract
NFκB Nuclear transcription Factor kappa B
NO Nitric Oxide
NRF2 Nuclear Factor (erythroid-derived 2)-like 2
PORH Post Occlusive Reactive Hyperemia
QorCO Cardiac Output
SpO2 Oxygen saturation
SVR Systemic vascular resistances
VTI Blood Velocity Time Integral



Int. J. Environ. Res. Public Health 2022, 19, 5394 10 of 11

References
1. Hochachka, P.W. Mechanism and evolution of hypoxia-tolerance in humans. J. Exp. Biol. 1998, 201, 1243–1254. [CrossRef]

[PubMed]
2. Paralikar, S.J.; Paralikar, J.H. High-altitude medicine. Indian J. Occup. Environ. Med. 2010, 14, 6–12. [CrossRef] [PubMed]
3. Theunissen, S.; Guerrero, F.; Sponsiello, N.; Cialoni, D.; Pieri, M.; Germonpre, P.; Obeid, G.; Tillmans, F.; Papadopoulou, V.;

Hemelryck, W.; et al. Nitric oxide-related endothelial changes in breath-hold and scuba divers. Undersea Hyperb. Med. 2013, 40,
135–144. [PubMed]

4. Clarke, C. Acute mountain sickness: Medical problems associated with acute and subacute exposure to hypobaric hypoxia.
Postgrad. Med. J. 2006, 82, 748–753. [CrossRef]

5. Pilmanis, A.A.; Balldin, U.I.; Fischer, J.R. Cognition Effects of Low-Grade Hypoxia. Aerosp Med. Hum. Perform. 2016, 87, 596–603.
[CrossRef]

6. Grittani, M.; Pellegrino, G.; Conte, S.; Morello, A.; Autore, A.; Cimmino, G.; Trimarco, B.; Morgagni, F.; Cirillo, P. Effects of
Hypobaric Hypoxia on Endothelial Function and Adiponectin Levels in Airforce Aviators. High Alt. Med. Biol. 2019, 20, 165–170.
[CrossRef]

7. De Bels, D.; Pierrakos, C.; Bruneteau, A.; Reul, F.; Crevecoeur, Q.; Marrone, N.; Vissenaeken, D.; Borgers, G.; Balestra, C.; Honore,
P.M.; et al. Variation of Cognitive Function During a Short Stay at Hypobaric Hypoxia Chamber (Altitude: 3842 M). Front. Physiol.
2019, 10, 806. [CrossRef]

8. World Medical Association. World Medical Association Declaration of Helsinki: Ethical principles for medical research involving
human subjects. JAMA 2013, 310, 2191–2194. [CrossRef]

9. O’Rourke, M.F. Vascular impedance in studies of arterial and cardiac function. Physiol. Rev. 1982, 62, 570–623. [CrossRef]
10. Booth, J. A short history of blood pressure measurement. Proc. R Soc. Med. 1977, 70, 793–799. [CrossRef]
11. Pyke, K.E.; Tschakovsky, M.E. The relationship between shear stress and flow-mediated dilatation: Implications for the assessment

of endothelial function. J. Physiol. 2005, 568, 357–369. [CrossRef] [PubMed]
12. Corretti, M.C.; Anderson, T.J.; Benjamin, E.J.; Celermajer, D.; Charbonneau, F.; Creager, M.A.; Deanfield, J.; Drexler, H.; Gerhard-

Herman, M.; Herrington, D.; et al. Guidelines for the ultrasound assessment of endothelial-dependent flow-mediated vasodilation
of the brachial artery: A report of the International Brachial Artery Reactivity Task Force. J. Am. Coll. Cardiol. 2002, 39, 257–265.
[CrossRef]

13. Areas, G.P.T.; Mazzuco, A.; Caruso, F.R.; Jaenisch, R.B.; Cabiddu, R.; Phillips, S.A.; Arena, R.; Borghi-Silva, A. Flow-mediated
dilation and heart failure: A review with implications to physical rehabilitation. Heart Fail. Rev. 2019, 24, 69–80. [CrossRef]
[PubMed]

14. Kuznetsova, T.; Van Vlierberghe, E.; Knez, J.; Szczesny, G.; Thijs, L.; Jozeau, D.; Balestra, C.; D’Hooge, J.; Staessen, J.A. Association
of digital vascular function with cardiovascular risk factors: A population study. BMJ Open 2014, 4, e004399. [CrossRef]

15. Theunissen, S.; Schumacker, J.; Guerrero, F.; Tillmans, F.; Boutros, A.; Lambrechts, K.; Mazur, A.; Pieri, M.; Germonpre, P.;
Balestra, C. Dark chocolate reduces endothelial dysfunction after successive breath-hold dives in cool water. Eur. J. Appl. Physiol.
2013, 113, 2967–2975. [CrossRef]

16. Levenez, M.; Lambrechts, K.; Mrakic-Sposta, S.; Vezzoli, A.; Germonpré, P.; Pique, H.; Virgili, F.; Bosco, G.; Lafère, P.; Balestra, C.
Full-Face Mask Use during SCUBA Diving Counters Related Oxidative Stress and Endothelial Dysfunction. Int. J. Environ. Res.
Public Health 2022, 19, 965. [CrossRef]

17. Balestra, C.; Lambrechts, K.; Mrakic-Sposta, S.; Vezzoli, A.; Levenez, M.; Germonpre, P.; Virgili, F.; Bosco, G.; Lafere, P. Hypoxic
and Hyperoxic Breathing as a Complement to Low-Intensity Physical Exercise Programs: A Proof-of-Principle Study. Int. J. Mol. Sci.
2021, 22, 9600. [CrossRef]

18. Siebenmann, C.; Lundby, C. Regulation of cardiac output in hypoxia. Scand. J. Med. Sci. Sports 2015, 25 (Suppl. S4), 53–59.
[CrossRef]

19. Allardet-Servent, J.; Sicard, G.; Metz, V.; Chiche, L. Benefits and risks of oxygen therapy during acute medical illness: Just a
matter of dose! Rev. Med. Intern. 2019, 40, 670–676. [CrossRef]

20. Beasley, R.; Chien, J.; Douglas, J.; Eastlake, L.; Farah, C.; King, G.; Moore, R.; Pilcher, J.; Richards, M.; Smith, S.; et al. Target
oxygen saturation range: 92–96% Versus 94–98. Respirology 2017, 22, 200–202. [CrossRef]

21. Schjørring, O.L.; Klitgaard, T.L.; Perner, A.; Wetterslev, J.; Lange, T.; Siegemund, M.; Bäcklund, M.; Keus, F.; Laake, J.H.;
Morgan, M.; et al. Lower or Higher Oxygenation Targets for Acute Hypoxemic Respiratory Failure. N. Engl. J. Med. 2021, 384,
1301–1311. [CrossRef] [PubMed]

22. Durkin, C.; Romano, K.; Egan, S.; Lohser, J. Hypoxemia During One-Lung Ventilation: Does It Really Matter? Curr. Anesthesiol. Rep.
2021, 11, 1–7. [CrossRef] [PubMed]

23. Klitgaard, T.L.; Schjørring, O.L.; Lange, T.; Møller, M.H.; Perner, A.; Rasmussen, B.S.; Granholm, A. Lower versus higher
oxygenation targets in critically ill patients with severe hypoxaemia: Secondary Bayesian analysis to explore heterogeneous
treatment effects in the Handling Oxygenation Targets in the Intensive Care Unit (HOT-ICU) trial. Br. J. Anaesth. 2022, 128, 55–64.
[CrossRef] [PubMed]

24. Martin, D.S.; Grocott, M.P. Oxygen therapy in critical illness: Precise control of arterial oxygenation and permissive hypoxemia.
Crit. Care Med. 2013, 41, 423–432. [CrossRef] [PubMed]

http://doi.org/10.1242/jeb.201.8.1243
http://www.ncbi.nlm.nih.gov/pubmed/9510535
http://doi.org/10.4103/0019-5278.64608
http://www.ncbi.nlm.nih.gov/pubmed/20808661
http://www.ncbi.nlm.nih.gov/pubmed/23682545
http://doi.org/10.1136/pgmj.2006.047662
http://doi.org/10.3357/AMHP.4558.2016
http://doi.org/10.1089/ham.2018.0128
http://doi.org/10.3389/fphys.2019.00806
http://doi.org/10.1001/jama.2013.281053
http://doi.org/10.1152/physrev.1982.62.2.570
http://doi.org/10.1177/003591577707001112
http://doi.org/10.1113/jphysiol.2005.089755
http://www.ncbi.nlm.nih.gov/pubmed/16051630
http://doi.org/10.1016/S0735-1097(01)01746-6
http://doi.org/10.1007/s10741-018-9719-7
http://www.ncbi.nlm.nih.gov/pubmed/29995216
http://doi.org/10.1136/bmjopen-2013-004399
http://doi.org/10.1007/s00421-013-2732-6
http://doi.org/10.3390/ijerph19020965
http://doi.org/10.3390/ijms22179600
http://doi.org/10.1111/sms.12619
http://doi.org/10.1016/j.revmed.2019.04.003
http://doi.org/10.1111/resp.12879
http://doi.org/10.1056/NEJMoa2032510
http://www.ncbi.nlm.nih.gov/pubmed/33471452
http://doi.org/10.1007/s40140-021-00470-5
http://www.ncbi.nlm.nih.gov/pubmed/34254003
http://doi.org/10.1016/j.bja.2021.09.010
http://www.ncbi.nlm.nih.gov/pubmed/34674834
http://doi.org/10.1097/CCM.0b013e31826a44f6
http://www.ncbi.nlm.nih.gov/pubmed/23263574


Int. J. Environ. Res. Public Health 2022, 19, 5394 11 of 11

25. Gilbert-Kawai, E.T.; Mitchell, K.; Martin, D.; Carlisle, J.; Grocott, M.P. Permissive hypoxaemia versus normoxaemia for mechani-
cally ventilated critically ill patients. Cochrane Database Syst. Rev. 2014, 2014, Cd009931. [CrossRef]

26. Guo, L.; Jin, Z.; Gan, T.J.; Wang, E. Silent Hypoxemia in Patients with COVID-19 Pneumonia: A Review. Med. Sci. Monit. 2021, 27,
e930776. [CrossRef]

27. Talbot, N.P.; Balanos, G.M.; Dorrington, K.L.; Robbins, P.A. Two temporal components within the human pulmonary vascular
response to approximately 2 h of isocapnic hypoxia. J. Appl. Physiol 2005, 98, 1125–1139. [CrossRef]

28. Puri, S.; Panza, G.; Mateika, J.H. A comprehensive review of respiratory, autonomic and cardiovascular responses to intermittent
hypoxia in humans. Exp. Neurol. 2021, 341, 113709. [CrossRef]

29. Takemoto, M.; Sun, J.; Hiroki, J.; Shimokawa, H.; Liao, J.K. Rho-kinase mediates hypoxia-induced downregulation of endothelial
nitric oxide synthase. Circulation 2002, 106, 57–62. [CrossRef]

30. Pisarcik, S.; Maylor, J.; Lu, W.; Yun, X.; Undem, C.; Sylvester, J.T.; Semenza, G.L.; Shimoda, L.A. Activation of hypoxia-inducible
factor-1 in pulmonary arterial smooth muscle cells by endothelin-1. Am. J. Physiol. Lung Cell Mol. Physiol. 2013, 304, L549–L561.
[CrossRef]

31. Theunissen, S.; Balestra, C.; Boutros, A.; De Bels, D.; Guerrero, F.; Germonpre, P. The effect of pre-dive ingestion of dark chocolate
on endothelial function after a scuba dive. Diving Hyperb. Med. 2015, 45, 4–9. [PubMed]

32. Ali, S.S.; Hsiao, M.; Zhao, H.W.; Dugan, L.L.; Haddad, G.G.; Zhou, D. Hypoxia-adaptation involves mitochondrial metabolic
depression and decreased ROS leakage. PLoS ONE 2012, 7, e36801. [CrossRef] [PubMed]

33. Attaye, I.; Smulders, Y.M.; de Waard, M.C.; Oudemans-van Straaten, H.M.; Smit, B.; Van Wijhe, M.H.; Musters, R.J.; Koolwijk, P.;
Spoelstra-de Man, A.M.E. The effects of hyperoxia on microvascular endothelial cell proliferation and production of vaso-active
substances. Intensive Care Med. Exp. 2017, 5, 22. [CrossRef] [PubMed]

34. Zhilyaev, S.Y.; Moskvin, A.N.; Platonova, T.F.; Gutsaeva, D.R.; Churilina, I.V.; Demchenko, I.T. Hyperoxic vasoconstriction in the
brain is mediated by inactivation of nitric oxide by superoxide anions. Neurosci. Behav. Physiol. 2003, 33, 783–787. [CrossRef]
[PubMed]

35. Jiang, Z.L.; Fletcher, N.M.; Diamond, M.P.; Abu-Soud, H.M.; Saed, G.M. Hypoxia regulates iNOS expression in human normal
peritoneal and adhesion fibroblasts through nuclear factor kappa B activation mechanism. Fertil Steril 2009, 91, 616–621. [CrossRef]
[PubMed]

36. Moro, M.A.; De Alba, J.; Leza, J.C.; Lorenzo, P.; Fernández, A.P.; Bentura, M.L.; Boscá, L.; Rodrigo, J.; Lizasoain, I. Neuronal
expression of inducible nitric oxide synthase after oxygen and glucose deprivation in rat forebrain slices. Eur. J. Neurosci. 1998, 10,
445–456. [CrossRef]

37. Fratantonio, D.; Virgili, F.; Zucchi, A.; Lambrechts, K.; Latronico, T.; Lafere, P.; Germonpre, P.; Balestra, C. Increasing Oxygen
Partial Pressures Induce a Distinct Transcriptional Response in Human PBMC: A Pilot Study on the “Normobaric Oxygen
Paradox”. Int. J. Mol. Sci. 2021, 22, 458. [CrossRef]

38. Fox, W.C.; Watson, R.; Lockette, W. Acute hypoxemia increases cardiovascular baroreceptor sensitivity in humans.
Am. J. Hypertens 2006, 19, 958–963. [CrossRef]

39. Guerrero, F.; Lambrechts, K.; Wang, Q.; Mazur, A.; Theron, M.; Marroni, A. Endothelial function may be enhanced in the
cutaneous microcirculation after a single air dive. Diving Hyperb. Med. 2020, 50, 214–219. [CrossRef]

40. Connes, P.; Alexy, T.; Detterich, J.; Romana, M.; Hardy-Dessources, M.D.; Ballas, S.K. The role of blood rheology in sickle cell
disease. Blood Rev. 2016, 30, 111–118. [CrossRef]

41. Lambrechts, K.; Balestra, C.; Theron, M.; Henckes, A.; Galinat, H.; Mignant, F.; Belhomme, M.; Pontier, J.M.; Guerrero, F. Venous
gas emboli are involved in post-dive macro, but not microvascular dysfunction. Eur. J. Appl. Physiol. 2017, 117, 335–344.
[CrossRef] [PubMed]

42. Duncker, D.J.; Bache, R.J. Inhibition of nitric oxide production aggravates myocardial hypoperfusion during exercise in the
presence of a coronary artery stenosis. Circ. Res. 1994, 74, 629–640. [CrossRef] [PubMed]

http://doi.org/10.1002/14651858.CD009931.pub2
http://doi.org/10.12659/MSM.930776
http://doi.org/10.1152/japplphysiol.00903.2004
http://doi.org/10.1016/j.expneurol.2021.113709
http://doi.org/10.1161/01.CIR.0000020682.73694.AB
http://doi.org/10.1152/ajplung.00081.2012
http://www.ncbi.nlm.nih.gov/pubmed/25964032
http://doi.org/10.1371/journal.pone.0036801
http://www.ncbi.nlm.nih.gov/pubmed/22574227
http://doi.org/10.1186/s40635-017-0135-4
http://www.ncbi.nlm.nih.gov/pubmed/28409476
http://doi.org/10.1023/A:1025145331149
http://www.ncbi.nlm.nih.gov/pubmed/14635993
http://doi.org/10.1016/j.fertnstert.2007.11.059
http://www.ncbi.nlm.nih.gov/pubmed/18281043
http://doi.org/10.1046/j.1460-9568.1998.00028.x
http://doi.org/10.3390/ijms22010458
http://doi.org/10.1016/j.amjhyper.2006.02.005
http://doi.org/10.28920/dhm50.3.214-219
http://doi.org/10.1016/j.blre.2015.08.005
http://doi.org/10.1007/s00421-017-3537-9
http://www.ncbi.nlm.nih.gov/pubmed/28110355
http://doi.org/10.1161/01.RES.74.4.629
http://www.ncbi.nlm.nih.gov/pubmed/8137499

	Introduction 
	Materials and Methods 
	Study Population 
	Experimental Protocol 
	Measurements 
	Oxygen Saturation and Heart Rate 
	Cardiac Parameters 
	Vascular Parameters 

	Statistical Analysis 

	Results 
	Study Population 
	Environmental Conditions 
	Hypoxia-Induced SpO2 Changes 
	Cardiac Parameters 
	Blood Pressure 
	Vascular Parameters 

	Discussion 
	Conclusions 
	References

