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Abstract

Introduction: This study aimed to evaluate the putative effects of hypobaria on ventilatory,
cardiovascular and muscle oxygenation during exercise in normoxia and hypoxia.

Methods: Eighteen healthy air pilot trainees (26£3 years, 177+10 cm, 70+11 kg) performed a 6-
min moderate-intensity cycling exercise (1 W/kg) in four randomized conditions: normobaric
normoxia (NN), hypobaric normoxia (HN), normobaric hypoxia (NH) and hypobaric hypoxia (HH) in
a hypobaric chamber. Inspired oxygen pressure was matched between normoxic (NN vs. HN,
141.240.8 vs. 141.5+1.5 mmHg) and hypoxic (NH vs. HH, 75.7+0.4 vs. 74.3+1.0 mmHg) conditions.
Gas exchanges, pulse oxygen saturation (SpO,), heart rate (HR), middle cerebral artery blood flow
velocity (MCAV), cerebral and muscular oxygenation (NIRS), and cerebral O, delivery (cDO,) were
recorded.

Results: SpO,, brain and muscle oxygenation were significantly lower and ventilation higher in
HH than in NN and HN, and NH, during both rest and exercise (exercise SpO, 99.0£1.5, 80.8+4.2,
97.6£1.9, 69.245.7 % and ventilation 12.5+2.3, 13.3+£3.1, 12.442.6, 14.6+£2.4, I/min in NN, NH, HN
and HH respectively). cDO, was decreased to the same extent in HH and NH, compared with NN and
HN (exercise 865.5£147.6, 731.8+152.2, 857.8+157.8, 755.8£163.3 cm.mlO,/s.dly). Specific effects
of hypobaria in normoxia was lesser than in hypoxia, since only blood O, and CO, partial pressures
were lower in HN than NN.

Discussion: Respiratory, cardiovascular responses and brain/muscle oxygenation were more
altered in HH than in NH, which confirms the additive effects of hypobaria on exercise in severe
hypoxia. However, the effects of hypobaria are likely of negligible clinical relevance in normoxia.

New and Noteworthy:

- A hypobaric normoxia (HN) condition was used to disentangle the effects of hypoxia and
hypobaria

- There was an additive effect of hypobaria and hypoxia

- Cerebral and muscular tissue oxygenation were lower in hypobaric normoxia than normobaric
hypoxia during rest and exercise

- The effects of hypobaria were negligible in normoxia
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Introduction

The effects of altitude on human physiology were first studied about a century ago using data
from the historical expeditions in Himalaya and in the Andes (1-4). This exposition to hypobaric
hypoxia (HH) has progressively been complemented by laboratory studies using normobaric hypoxia
(NH) for various reasons including ease of use, safety, and the ability to use cutting edge medical
devices and methods which can be difficult to transpose from laboratory studies to field expeditions.
However, some high-altitude field studies are still organized nowadays.

In this process, it was long speculated that HH and NH could be used interchangeably and were
equivalent. Indeed, ventilatory and cardiac responses recorded in NH were shown predictive of acute
mountain sickness during HH exposure (5); pre-acclimatization using NH was shown protective of
acute mountain sickness in HH (6, 7) even if less effective than pre-acclimatization in HH (8); training
in HH or NH was shown to elicit comparable performance improvement (9) and baroreflex sensitivity
was similarly affected in HH and NH (10). Yet, recent studies demonstrated that HH is a stronger
stimulus than NH for an equivalent altitude (i.e., inspired pressure in oxygen, PiO,) notably reporting
increased ventilation (11-13), and decreased blood oxygen saturation (14) or exercise performance
(15). Several opposing views have been published on this topic (16—19). Moreover, a recent study in
an hypobaric chamber confirmed that HH and NH were not strictly equivalent, but reported higher
maximal oxygen consumption and higher minute ventilation counteracting desaturation at maximal
exercise in HH ,when compared to NH (20).

To our knowledge the previous studies which aimed to isolate the effects of hypobaria in
normoxia by using a hypobaric normoxic condition (HN) did so mostly at rest (21-24) but rarely
during exercise (25). HN is an artificial condition, which consists in decreasing the barometric
pressure whilst adding oxygen in the inspired gas mixture so that PiO, would be comparable to the
sea-level (normobaric normoxic, NN) condition. This additional and somewhat unusual HN condition
would allow the disentanglement of the effects of hypoxia and hypobaria and would also clarify
whether hypoxia and hypobaria have an additive effect, i.e., the hypoxic and hypobaric stimuli have a
stronger effect when combined (HH) than the hypoxic effect isolated (NH). In a previous study, the
authors reported increases in ventilation at maximal exercise and in time to exhaustion with no
differences in arterial oxygen saturation or oxygen consumption in HN condition compared with NN
(25).

The primary goal of the present study was to investigate the putative additive effects of hypobaria
on the physiological responses at rest and during a light-intensity exercise, both in normoxic and
hypoxic conditions, encompassing ventilatory, cardiovascular and tissue oxygenation data but also
self-perceived lack of concentration to assess whether modifications in cerebral oxygen delivery might
be of clinical significance. The present hypotheses were (i) exercising in HH would induce greater
increase in ventilation and greater decrease in blood oxygen saturation than in NH; (ii) hypobaria
would induce an additive detrimental effect in hypoxia regarding cerebral and muscular oxygenation
during exercise than hypoxia alone; and (iii) conversely, the effects of hypobaria would be negligible
in normoxic conditions given the light exercise intensity.

Methods

Ethics

This study was performed according to the Declaration of Helsinki and was approved by the
Swiss Ethic Committee of Ziirich (Swissethics, BASEC ID: 2018-00006). This clinical trial can be
found on ClinicalTrials.gov (ID: NCT03439202). All participants were informed about all procedures
of this study and gave their written informed consent before participation.
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Participant recruitment and screening

Eighteen healthy pilot trainees (four women, age 26 + 3 years; height 177 + 9 cm; weight 70 + 11
kg) participated voluntarily in this study. A physician screened the participants during the
familiarization visit to ensure they were healthy and did not report any medical or altitude-related
issues. During this visit, the participants were familiarized with the hypobaric chamber, the ergocycle
and the facial mask to be used. None of the participants was on medication during this study. They
attested not being exposed to altitude above 1000 m in the two months preceding the experimental
visit nor to hypoxia before enrolment in the present study (including potential flights in under-
pressured cabin). Twenty-four hours before the experimental visit, the participants were asked to avoid
physical exercise and consuming a heavy meal, alcohol, and caffeine. For the women included, there
was no record of their menstrual cycle phase or control at the time of measurements, and any sex
specificity in the effects of the intervention was not investigated.

Study design

This study was conducted in the hypobaric chamber located at the Aeromedical Center of the
Swiss Air Force (Diibendorf, Switzerland, altitude of 440 m above sea level) where ambient
temperature and relative humidity were controlled and kept constant throughout the experiments.
Participants came for one familiarization and one experimental visit. During the latest, they were
exposed to four environmental conditions in a randomized order, namely: normobaric normoxia (NN),
hypobaric normoxia (HN), normobaric hypoxia (NH) and hypobaric hypoxia (HH). Each condition
was interspersed with a 30-min rest period in NN. This experiment was conducted as a single blind
study, the participants were not informed of the order of the conditions they were exposed to.

During each condition, recordings were performed at rest and during exercise. Participants
remained seated on a cycle ergometer (eBike II basic, GE medical systems, Germany) for five minutes
before cycling for six minutes (1W/kg at 80 rpm). They gave their rating of perceived exertion (RPE)
using the BORG scale at the end of exercise (26). In line with the aims of the present study, the same
absolute workload for all conditions was used to allow direct comparison of the measurements across
conditions. No maximal exercise was recorded essentially because in the current design the four
conditions were performed successively in a randomised order which avoids the day-to-day variability
but clearly prevents repeating maximal exercise four times in a row within the same day.

Condition comparison

To efficiently isolate the effects of hypobaria, the two normoxic conditions (NN and HN) must be
performed at identical inspired oxygen pressures (P;0,) reflecting an altitude close to sea-level whilst
the two hypoxic conditions (NH and HH) must also be performed at an identical P;O, but reflecting an
altitude above sea level. This was achieved by adjusting the barometric pressure (Pg) in the hypobaric
chamber on the one hand and by adjusting the inspired fraction of oxygen (F,0O,) on the other hand.

Table 1 (result section) indicates the values of Pg, P;0,, and F;O, across the four conditions. As
expected, the P/O, values were close between NN and HN on the one hand and between NH and HH
on the other hand. In the present study, the chosen altitude was equivalent to 5000 m above sea level.

The matching of P;O, was achieved using the following equation:
P10, = (Pg - 47) x Fi0,

where the water vapour pressure at 37°C is 47 mmHg (27).

Blood draw

A capillary blood sample was taken at the earlobe at rest in seating position on the ergocycle and
immediately analysed using a blood gas analyser (ABL 900 FLEX, Radiometer, France) for Hb, pH,
PaO, and PaCO,.
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Ventilation

Ventilatory data were measured using a gas analyser (K5, Cosmed, Roma, Italy), calibrated
outside of the hypobaric chamber before the experimental visit, according to the manufacturer
instructions. Flow and volume were calibrated using a 3-L syringe. Zero CO, calibration was
performed with a scrubber. Gas concentration calibration was performed using a certified gas bottle
(16% O, and 5% CO,, Cosmed, Italy). Ventilatory data were recorded breath-by-breath and then
exported with dedicated software for later analysis (OMNIA, Cosmed, Roma, Italy). Means were
calculated over the last minute of seated rest and the last minute of exercise.

Heart rate and pulse oxygen saturation

Heart rate (HR, bpm) was monitored during the entire experimental procedure using a heart rate
monitor (Polar RS800CX, FI-90440 Kempele, Finland). Pulse oxygen saturation (SpO,, %) was
monitored at the left earlobe using an oximeter (3100 pulse oximeter, Nonin, Plymouth, MN) and
acquired at 0.5 Hz. Mean HR and SpO, were calculated over the last minute of rest and exercise.

Cerebral blood flow velocity and oxygen delivery

Middle cerebral artery velocity (MCAv, cm/s) was acquired from the left middle cerebral artery at
depths ranging from 43 to 54 mm using a transcranial Doppler device (2 MHz; Spencer Technologies,
Seattle, WA, USA). Mean MCAv was calculated over the last minute of rest and exercise.

Cerebral oxygen delivery (cDO,) was estimated as described previously (21) based on the
measurements of MCAv, SpO, as described earlier, and blood haemoglobin concentration (Hb, g/dl)
from the capillary blood draw.

c¢DO, was computed as follow: cDO, = MCAv x Hb x 1.36 x SpO,

where 1.36 is the carrying capacity of haemoglobin for O,, expressed in in ml of oxygen per gram
of haemoglobin (mlO,/gy,). ¢cDO, was expressed in (cm.ml0,)/(s.dly;); with dl, representing
decilitre of blood.

Near-infrared spectroscopy

Changes in total haemoglobin concentration (tHb, the sum of deoxy- and oxy-haemoglobin
relative concentrations) and tissue oxygenation index (TOI) were monitored using a near-infrared
spectroscopy (NIRS) device (NIRO-200NX, Hamamatsu Photonics, Hamamatsu City, Japan). A first
probe was placed on the participants’ forehead horizontally. A second probe was placed on the left
vastus lateralis (VL) at one third of the distance from the patella to the greater trochanter of the femur.
Data were collected at the sampling frequency of 1 Hz during the entire experimental visit. Based on
manufacturer recommendations, pathlengths of 17.8 mm and 14 mm were chosen for brain and
muscle, respectively. Mean + SD values are reported over the last minute of rest and the last minute of
exercise.

Questionnaire

During rest and immediately after exercise the participants were asked to fill the Karolinska Sleep
Scale (KSS) which is an assessment of self-perceived sleepiness (28) This questionnaire was
performed to determine whether the expected altered ¢cDO, in hypoxic condition may contribute to
alter self-perceived sleepiness.

Statistical Analysis

A priori computations using a repeated measure ANOVA with an expected effect size of 0.4 and a
significance level at 0.05 resulted a sample size of sixteen participants. Eighteen participants were
included in this study to anticipate potential dropouts. Data are expressed as mean =+ standard-
deviation. Repeated measures ANOVA was used for condition comparison and the Tuckey post-hoc
test was performed when appropriate, using the Bonferroni correction. Pearson’s coefficient of
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correlation was determined between cDO, and KSS scores. Statistical analysis was performed using
MATLAB (R2023b, The MathWork Inc., Natick, Ma, USA). Significant difference was set at p<0.05.

Results
Condition comparison
Cf. Table 1.

Ventilation

At rest, VE was not significantly different between the four conditions. During exercise, VE was
higher in hypobaric hypoxia than in normobaric normoxia (p < 0.05), hypobaric normoxia (p < 0.05),
and normobaric hypoxia (p < 0.05) as shown in Figure 1. There were no significant differences in VT
or Rf either during rest or exercise (Figure 1).

Cardiovascular data

At rest, heart rate was higher in HH than in NN (p < 0.01). During exercise, HR was higher in HN
and HH than in NN (both p < 0.01), and it was also higher in HH than in HN (p < 0.05) as shown on
Figure 2. As expected, SpO, was higher in the two normoxic conditions than in the two hypoxic
conditions (all p < 0.001). Moreover, SpO, was lower in HH than in NH at rest (p < 0.001) and during
exercise (p < 0.001) as shown on Figure 2. At rest, MCAv was similar between the four conditions,
whereas during exercise it was significantly greater in HH compared with the two normoxic
conditions (both p < 0.05). Furthermore, no significant differences in MCAv were found between NH
and HH nor between NH and the two normoxic conditions. Estimated cDO, was lower in NH and HH
than in NN, during both rest (both p < 0.01) and exercise (p < 0.01 and p < 0.05, respectively). Finally,
RPE was greater in NH (11.3 £ 2.2, both p < 0.05) and HH (11.8 + 2.3, both p < 0.05) than in NN (8.1
+ 1.3) and HN (9.1 £ 1.3).

Cerebral and muscular oxygenation

Values of tHb and TOI at rest and during exercise are reported in Figure 3. Neither cerebral nor
muscle TOI were significantly different between the two normoxic conditions at rest or during
exercise. Nevertheless, cerebral TOI was lower during rest and exercise in the two hypoxic conditions
than in the two normoxic conditions (all p < 0.05), and was significantly lower in HH than in NH,
during both rest (p < 0.05) and exercise (p < 0.01) (Figure 3).

Blood gas analysis

Figure 4 shows blood pH, PO, and PCO, drawn from the earlobe at rest. Blood pH was higher in
HN (p <0.001) and HH (p < 0.001) than in NN and NH. It was also higher in HH (p < 0.001) than in
HN. Blood PO, was decreased in HN (p < 0.001) compared with NN, even further decreased in NH (p
< 0.001), and again even further decreased in HH (p < 0.001). Blood PCO, was significantly lower in
HN (p <0.001) and HH (p < 0.001) than in NN and NH.

In addition, blood haemoglobin concentrations were not significantly different between any of the
four conditions (NN: 15.6+0.8, NH:15.6+1.0, HN:15.5+0.7, HH:16.2+0.8 g/dl, main effect p = 0.101).

KSS score

The KSS score was higher in HH (4.6 = 0.7, p < 0.05) and NH (5.7 £ 0.8, p < 0.05) than NN (3.6
+ 0.7) and HN (2.7 + 0.6) at rest and immediately after exercise (5.1 = 0.7, p < 0.05; 6.2 £ 0.8, p <
0.05; 2.8 £ 0.6; 3.7 = 0.7). Interestingly, there was a moderate correlation between ¢cDO, and KSS
score across all four conditions (p < 0.001). The relationship was a little stronger at rest than during
exercise as shown on Figure 5.
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Discussion

The present study investigated the respiratory and cardiovascular responses as well as the cerebral
and muscular tissue oxygenation at rest and during a moderate-intensity exercise in conditions of acute
exposure to combined normobaria vs. hypobaria and normoxia vs. hypoxia. The present findings
confirm the most common statement of an additive effect of hypobaria in hypoxic condition with a
significantly increased minute ventilation during exercise and a significantly decreased blood oxygen
saturation at rest and during exercise in hypobaric hypoxia compared with normobaric hypoxia. Yet,
the novel findings lie in the additive effects of hypobaria resulting in significant decreases in cerebral
and muscular tissue oxygenation in HH, compared with NH, during both rest and exercise. Overall,
the present study further helps to disentangle the effects of hypobaria and hypoxia.

Additive effect of hypobaria on minute ventilation and blood oxygen saturation

Previous reports about the additive effects of hypobaria per se on minute ventilation were
contradictory, reporting no additive effects at 3200 or 3800 m (29, 30) or reporting an increased
minute ventilation in HH compared with NH at 4000 m (20), 4500 m (13, 31, 32) and presently at
5000 m. On the one hand the altitude at which the experiments were conducted likely influenced the
outcome, on the other hand some explanations have been put forward regarding the mechanisms
potentially underlying these observations.

Hypobaria per se may affect pulmonary resistance through changes in pressure gradient from
ambient air, to pulmonary alveoli and subsequently to pulmonary capillary bed (33). Lower air density
leading to respiratory muscle unloading may also contribute to the higher ventilation in HH than in
NH (20). Interestingly, the present study reports a HN condition which illustrates the pressure changes
occurring in hypobaria when isolated from hypoxia. In HN, PO, was not significantly different from
NN but the barometric pressure was (Table 1), which resulted in a significant decrease in blood PO, in
HN compared with NN, but this decrease was smaller than in the two hypoxic conditions, as observed
in NH or HH (Figure 4). However, the decrease in blood PCO, in HN was of the same magnitude as
that of HH, whereas in NH blood PCO, was comparable to that of NN. In other words, in the HN
condition the participants were exposed to limited hypoxia regarding O, but were as if in altitude
regarding CO,. Therefore, the decrease in barometric pressure per se likely decreased blood CO,
content, which may in turn affect the pulmonary resistance and/or the ventilatory drive (34). Minute
ventilation was increased only during exercise in HH (Figure 1), when blood O, and CO, content
were likely at their lowest, indicating that both O, and CO, are key in driving the hypoxic ventilatory
response (35) and that the changes in blood CO, content in HN were likely of little clinical relevance,
as confirmed by the similar SpO, values as in NN. In HH, the reported lower SpO, values during both
rest and exercise (Figure 2) could logically be associated with the reduction in oxygen pressure
gradient from the alveoli to the capillary but also with a probable pulmonary vasoconstriction, which
was not measured in the present study (for review, see (36)). Given that in the HN condition the
participants were exposed to a normoxic amount of oxygen, it was expected that S;0, would not be
significantly different from NN despite the slight but significant decrease in blood PO, reported
herein. As stated above, this slight decrease in PO, was accompanied by a decrease in PCO, and an
increase in pH, therefore the Bohr effect likely countered the decrease in PO, (and the potential
pulmonary vasoconstriction resulting from hypocapnia) so that SpO, did not change significantly
between NN and HN. Therefore, the hypobaric effects on blood oxygen content are likely clinically
irrelevant in a normoxic environment.

A decrease in blood PCO, with no significant increase in ventilation is a surprising result since
altitude-induced hypocapnia and subsequent blood alkalosis are classically associated with altitude-
induced hyperventilation (36). Interestingly, in a recent study measuring end-tidal PCO, and
ventilation at maximal exercise in both HH and NH, the authors reported a higher maximal ventilation
in the former condition but without any differences in end-tidal PCO,. The latter has been shown a
reliable surrogate of arterial PCO, in a large range of environmental conditions (37), indicating that the
hyperventilation-driven hypocapnia may be influenced by confounding factors, including hypobaria.
Indeed, the changes in ventilation may have been masked by a number of factors including a slight
hyperventilation at rest across conditions (Figure 1), a rapid depressurization from sea level to 5000 m
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inside the chamber, which may have negatively affected the measurements made by the gas analyser,
and a short (five minutes) exposure to each condition at rest, which may not have allowed enough time
for the ventilatory response to be complete.

Cerebral blood flow and cerebral oxygenation

In the present study, MCAv did not significantly change at rest despite a significant decrease in
cDO, in the two hypoxic conditions compared with the two normoxic conditions (Figure 2). However,
the interpretation of MCAv changes needs to be made with caution because there is no measure of the
MCA diameter. In acute hypoxia, decreased arterial oxygen content typically induces cerebral
vasodilation (38—40) whilst decreased arterial CO, content typically induces cerebral vasoconstriction
(41, 42). The outcome of these two contradictory stimuli is that vasodilation likely prevails, as
consistent increase in cerebral blood flow is commonly observed at altitude (43). Hypobaria per se did
not seem to have any significant effect on cerebral oxygen delivery at rest or during exercise, the NN
and HN being not significantly different on the one hand and the NH and HH conditions being not
significantly different on the other hand. Previous studies reported changes in MCAv at rest (39, 44—
46) contrarily to this study, however MCAv was assessed after five minutes of a very rapid ascent
from sea level to 5000 m which may not have allowed enough time to reach a full MCAv response, or
a modification of the MCA diameter interfered with the present measurements.

During exercise, MCAv was increased only in HH compared to the two normoxic conditions, the
NH condition being not significantly different from the two normoxic conditions or HH. These
findings may indicate that the additive effects of hypobaria and hypoxia on MCAv is unveiled only
during hypoxic exercise and that this effect is small in magnitude compared with the ventilatory
effects reported above. In the meanwhile, estimated cerebral oxygen delivery was decreased in the two
hypoxic conditions compared with the two normoxic conditions largely because of the decrease in
SpO,. This was indicative that the additive effect of hypobaria in hypoxic condition is likely of
negligible clinical significance for cerebral oxygen delivery regulatory mechanisms both at rest and
during exercise.

Nevertheless, NIRS measurements showed significantly lower cerebral oxygenation in the two
hypoxic conditions compared with the two normoxic conditions at rest and during exercise.
Additionally, there were lower prefrontal TOI values in HH than in NH, which was indicative of a
greater cerebral deoxygenation. Therefore, despite the cerebral autoregulation aiming at minimizing
the effects of hypoxemia on cerebral oxygen delivery (47, 48), the decrease in arterial oxygen
saturation affected prefrontal tissue oxygenation as assessed by NIRS and this decrease was greater in
HH than in NH, which may be associated with the greater decrease in S,0, and cDO,.

Muscular oxygenation

Muscle oxygenation parameters assessed by NIRS indirectly reflect the metabolic changes that
occur at the muscle level (49) but are also biased by many confounding factors (e.g. adipose tissue
thickness) due to the non-invasive nature of the method (50). In the present study, muscle TOI was
significantly lower in the two hypoxic conditions compared with the two normoxic conditions during
exercise. Interestingly, muscle TOI was reduced to a greater extent in HH vs. NH, which indicates —
once again — an additive influence of hypobaria in hypoxia (15). These changes may be associated
with the changes in SpO,, indicating that the additive effect of hypobaria in hypoxic condition is large
enough to elicit significant changes all along the O, transport chain during exercise, from ventilation
to blood oxygen saturation and muscle oxygenation. In normobaric conditions, there were no
significant differences in muscle oxygenation, likely indicating that the effects of hypobaria are
irrelevant in normoxia.

Effects of decreased cDO; on self-perceived sleepiness

One of the most known effects of high-altitude is the alteration of cerebral function (51) and it is
likely the most feared by pilots during a flight. In the present study only hypoxia (NH) or combined
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hypobaria and hypoxia (HH) decreased cDO,, which may be associated with the greater sleepiness
sensation reported in these two conditions (Figure 5).

Perspective

Although fewer individuals are exposed to the HN condition than the HH condition, the former
remains essential in aviation medicine where pilots breath an oxygen-enriched gas mixture whilst
flying in a depressurized cabin (52). In the case where HH induces lower blood oxygen saturation (14,
15) than NH, one may hypothesize an effect of hypobaria per se. This latter effect would mean that
cerebral oxygen delivery (cDO,) may be lowered, and the cognitive performance of the pilots may be
altered in a depressurized cabin even though additional oxygen is added in the inspired gas (HN
condition).

Limitations

The present study did not evaluate some ventilatory mechanisms which may have been different
between HH and NH, including potential differences in oxygen consumption of the respiratory
muscles, potential greater intravascular bubble formation and ventilation/perfusion disparity, greater
alveolar dead space or greater changes in alveolar fluid permeability and chemosensitivity in HH than
in NH (29, 32). These factors may further explain the observed differences between HH and NH.

The randomization of the order of the four hypoxic conditions was used to rule out any carry over
effect from a condition to a subsequent one, yet we cannot exclude some carry over effects.

Each hypoxic exposure was just five minutes of rest and six minutes of exercise, which is a
shorter time compared with most studies evaluating hypoxic exposure at 5000m and which may
explain at least partially the discrepant results, particularly in terms of ventilation.

Traditionally, cDO; is assessed with volumetric flow, rather than MCAv which is flow velocity.
As mentioned above, there is a strong potential for diameter changes in NH and HH, which would
presently lead to an underestimation of ¢cDO,. A previous publication (53) observed similar ¢cDO,
during HH following partial acclimatization. This was largely attributed to an increase in flow but not
velocity.

The relationship between cerebral blood flow, PCO,, bicarbonates and pH is complex and goes
beyond the scope of the present study. Yet, acute cerebral blood flow regulation is likely independent
of arterial pH. CO, diffusion across the blood-brain barrier is rather key to alter perivascular
extracellular pH, and changes in arterial bicarbonates acutely contribute to cerebrovascular acid—base
regulation (54). Further studies are needed to assess the exact interplay between PCO,, bicarbonates
and pH on the alterations in cerebral blood flow in hypoxic and/or hypobaric environments.

Ear lobe capillary blood was used in the present study, while it is a surrogate for arterial blood
(55) it is not perfect and may have introduced noise in the measurements. Future studies using arterial
catheterisation are required.

Conclusion

To our knowledge, the present study was the first to evaluate the effect of hypobaria in both
normoxic and hypoxic conditions on ventilatory, cardiovascular as well as cerebral and muscle
oxygenation parameters during exercise. The present results demonstrate a specific effect of hypobaria
per se on cerebral and muscular oxygenation during exercise that were observed in hypoxic conditions
and to a lesser - and likely negligible - extent in normoxic conditions. This was attributed primarily to
a larger decrease in blood oxygen saturation and a greater ventilatory response. The latter induced
hypocapnia, which may have triggered pulmonary vasoconstriction affecting O, diffusion from the
alveolar area to the blood in hypobaric hypoxia. These findings are essential for altitude physiology
and aviation medicine where military pilots regularly train either in normobaric or hypobaric hypoxia
whilst they may be exposed to hypobaric normoxia. To conclude, hypobaria led to greater decreases in
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Figure captions

Figure 1. Respiratory frequency, tidal volume and minute ventilation in normobaric normoxia (NN);
hypobaric normoxia (HN); normobaric hypoxia (NH); hypobaric hypoxia (HH). Square: rest; diamonds:
exercise. * p<0.05 vs. NN; # p<0.05 vs. HN; + p<0.05 vs. NH.

Figure 2: Heart rate (HR), pulse oxygen saturation (S00,), middle cerebral artery velocity (MCAv), and
estimated cerebral oxygen delivery (cDO;) in normobaric normoxia (NN); hypobaric normoxia (HN);
normobaric hypoxia (NH); hypobaric hypoxia (HH). Square: rest; diamonds. exercise. * p<0.05 vs. NN; #
p<0.05vs. HN; + p<0.05 vs. NH.

Figure 3: Prefrontal total haemoglobin (tHb), prefrontal tissue oxygenation index (TOIl), Muscle total
haemoglobin, and muscle tissue oxygenation index in normobaric normoxia (NN); hypobaric normoxia (HN);
normobaric hypoxia (NH); hypobaric hypoxia (HH). Square: rest; diamonds. exercise. * p<0.05 vs. NN; #
p<0.05vs. HN; + p<0.05 vs. NH.

Figure 4: Capillary bood pH, oxygen partial pressure (PO,) and carbon dioxide partial pressure (PCO,) at
rest in normobaric normoxia (NN), hypobaric normoxia (HN); normobaric hypoxia (NH) and hypobaric hypoxia
(HH). Square: rest; diamonds: exercise. * p<0.05 vs. NN; # p<0.05 vs. HN; + p<0.05 vs. NH.

Figure 5: Correlation between Karolinska Seep Score (KSS) and estimated cerebral oxygen delivery
(cDOy) during rest and exercise across all four conditions. R: Pearson’s coefficient of correlation.



413

414
415

416
417

418

419
420
421

422
423
424

425
426

427
428

429
430

431
432
433

434
435
436

437
438

439
440
441

442
443
444

445
446
447

448
449
450

10.

11.

12.

13.

14.

15.

References

Somervell TH. Note on the composition of alveolar air at extreme heights. J Physiol 60: 282—
285, 1925. doi: 10.1113/jphysiol.1925.sp002246.

Pugh LG. Haemoglobin levels on the British Himalayan Expeditions to Cho Oyu in 1952 and
Everest in 1953. J Physiol 126: 38-39P, 1954.

Mosso A. Fisiologia dell’uomo sulle Alpi: studii fatti sul Monte Rosa. Treves. Milano: 1897.

Zuntz N, Loewy A, Miiller F, Caspari W. Hohenklima und Bergwanderungen in ihrer
Wirkung auf den Menschen. Ergebnisse experimenteller Forschungen im Hochgebirge und
Laboratorium. 1906.

Richalet J-P, Larmignat P, Poitrine E, Letournel M, Canoui-Poitrine F. Physiological risk
factors for severe high-altitude illness: a prospective cohort study. Am J Respir Crit Care Med
185: 192-198, 2012. doi: 10.1164/rccm.201108-13960C.

Burtscher M, Brandstiitter E, Gatterer H. Preacclimatization in simulated altitudes. Seep
Breath Schiaf Atm 12: 109-114, 2008. doi: 10.1007/s11325-007-0127-9.

Kiipper TEAH, Schéffl V. Preacclimatization in hypoxic chambers for high altitude sojourns.
Seep Breath Schlaf Atm 14: 187-191, 2010. doi: 10.1007/s11325-009-0307-x.

Fulco CS, Beidleman BA, Muza SR. Effectiveness of Preacclimatization Strategies for High-
Altitude Exposure. Exerc Sport Sci Rev 41: 55-63, 2013. doi: 10.1097/JES.0b013e31825¢eaa33.

Saugy JJ, Schmitt L, Hauser A, Constantin G, Cejuela R, Faiss R, Wehrlin JP, Rosset J,
Robinson N, Millet GP. Same Performance Changes after Live High-Train Low in Normobaric
vs. Hypobaric Hypoxia. Front Physiol 7: 138, 2016. doi: 10.3389/fphys.2016.00138.

Bourdillon N, Saugy J, Schmitt L, Rupp T, Yazdani S, Vesin J-M, Millet GP. Acute and
chronic changes in baroreflex sensitivity in hypobaric vs. normobaric hypoxia. Eur J Appl
Physiol 117: 24012407, 2017. doi: 10.1007/s00421-017-3726-6.

Conkin J, Wessel JH. Critique of the equivalent air altitude model. Aviat Space Environ Med
79: 975-982, 2008.

Tucker A, Reeves JT, Robertshaw D, Grover RF. Cardiopulmonary response to acute altitude
exposure: water loading and denitrogenation. Respir Physiol 54: 363-380, 1983. doi:
10.1016/0034-5687(83)90079-8.

Loeppky JA, Icenogle M, Scotto P, Robergs R, Hinghofer-Szalkay H, Roach RC.
Ventilation during simulated altitude, normobaric hypoxia and normoxic hypobaria. Respir
Physiol 107: 231-239, 1997.

Savourey G, Launay J-C, Besnard Y, Guinet A, Travers S. Normo- and hypobaric hypoxia:
are there any physiological differences? Eur J Appl Physiol 89: 122-126, 2003. doi:
10.1007/s00421-002-0789-8.

Saugy JJ, Rupp T, Faiss R, Lamon A, Bourdillon N, Millet GP. Cycling Time Trial Is More
Altered in Hypobaric than Normobaric Hypoxia. Med Sci Sports Exerc 48: 680-688, 2016. doi:
10.1249/MSS.0000000000000810.



451
452
453

454
455
456

457
458
459

460
461
462
463

464
465
466

467
468
469

470
471
472

473
474
475

476
477
478

479
480
481

482
483
484

485
486

487
488
489

490
491
492
493

16.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Millet GP, Faiss R, Pialoux V. Point: Hypobaric hypoxia induces different physiological
responses from normobaric hypoxia. J Appl Physiol Bethesda Md 1985 112: 1783-1784, 2012.
doi: 10.1152/japplphysiol.00067.2012.

Mounier R, Brugniaux JV. Counterpoint: Hypobaric hypoxia does not induce different
responses from normobaric hypoxia. J Appl Physiol 112: 1784-1786, 2012. doi:
10.1152/japplphysiol.00067.2012a.

Millet GP, Debevec T. CrossTalk proposal: Barometric pressure, independent of PO2, is the
forgotten parameter in altitude physiology and mountain medicine. J Physiol 598: 893-896,
2020. doi: 10.1113/JP278673.

Richalet J-P. CrossTalk opposing view: Barometric pressure, independent of
P ) 2 ,
is not the forgotten parameter in altitude physiology and mountain medicine. J Physiol 598: 897—
899, 2020. doi: 10.1113/JP279160.

Vinetti G, Turner R, Taboni A, Rauch S, Seraglio PME, Netzer N, Strapazzon G, Gatterer
H. Cardiorespiratory Responses to Exercise in Hypobaric versus Normobaric Hypoxia: A
Randomized, Single-Blind, Crossover Study. .

Aebi MR, Bourdillon N, Kunz A, Bron D, Millet GP. Specific effect of hypobaria on
cerebrovascular hypercapnic responses in hypoxia. Physiol Rep 8: e14372, 2020. doi:
10.14814/phy2.14372.

Aebi MR, Bourdillon N, Bron D, Millet GP. Minimal Influence of Hypobaria on Heart Rate
Variability in Hypoxia and Normoxia. Front Physiol 11: 1072, 2020. doi:
10.3389/fphys.2020.01072.

Aebi MR, Bourdillon N, Noser P, Millet GP, Bron D. Cognitive Impairment During
Combined Normobaric vs. Hypobaric and Normoxic vs. Hypoxic Acute Exposure. Aerosp Med
Hum Perform 91: 845-851, 2020. doi: https://doi.org/10.3357/AMHP.5616.2020.

Bourdillon N, Aebi MR, Kayser B, Bron D, Millet GP. Both Hypoxia and Hypobaria Impair
Baroreflex Sensitivity but through Different Mechanisms. Int J Sports Med 44: 177-183, 2023.
doi: 10.1055/a-1960-3407.

Ogawa T, Fujii N, Kurimoto Y, Nishiyasu T. Effect of hypobaria on maximal ventilation,
oxygen uptake, and exercise performance during running under hypobaric normoxic conditions.
Physiol Rep 7: 14002, 2019. doi: 10.14814/phy2.14002.

Borg G. Ratings of perceived exertion and heart rates during short-term cycle exercise and their
use in a new cycling strength test. Int J Sports Med 3: 153-158, 1982. doi: 10.1055/s-2008-
1026080.

Conkin J. Equivalent Air Altitude and the Alveolar Gas Equation. Aerosp Med Hum Perform
87: 61-64, 2016. doi: 10.3357/AMHP.4421.2016.

Shahid A, Wilkinson K, Marcu S, Shapiro CM. Karolinska Sleepiness Scale (KSS). In:
STOP, THAT and One Hundred Other Seep Scales, edited by Shahid A, Wilkinson K, Marcu S,
Shapiro CM. Springer New York, p. 209-210.

Savourey G, Launay J-C, Besnard Y, Guinet-Lebreton A, Alonso A, Sauvet F, Bourrilhon
C. Normo or hypobaric hypoxic tests: propositions for the determination of the individual
susceptibility to altitude illnesses. Eur J Appl Physiol 100: 193-205, 2007. doi: 10.1007/s00421-
007-0417-8.



494
495
496
497

498
499
500

501
502
503

504
505
506
507
508

509
510
511

512
513

514
515

516
517
518
519

520
521
522
523
524
525

526
527
528
529

530
531
532
533

534
535
536

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Miyagawa K, Kamijo Y-I, Ikegawa S, Goto M, Nose H. Reduced hyperthermia-induced
cutaneous vasodilation and enhanced exercise-induced plasma water loss at simulated high
altitude (3,200 m) in humans. J Appl Physiol Bethesda Md 1985 110: 157-165, 2011. doi:
10.1152/japplphysiol.00950.2010.

Faiss R, Pialoux V, Sartori C, Faes C, Dériaz O, Millet GP. Ventilation, oxidative stress, and
nitric oxide in hypobaric versus normobaric hypoxia. Med Sci Sports Exerc 45: 253-260, 2013.
doi: 10.1249/MSS.0b013e31826d5aa2.

Coppel J, Hennis P, Gilbert-Kawai E, Grocott MP. The physiological effects of hypobaric
hypoxia versus normobaric hypoxia: a systematic review of crossover trials. Extreme Physiol
Med 4, 2015. doi: 10.1186/s13728-014-0021-6.

Petrassi FA, Davis JT, Beasley KM, Evero O, Elliott JE, Goodman RD, Futral JE, Subudhi
A, Solano-Altamirano JM, Goldman S, Roach RC, Lovering AT. AltitudeOmics: effect of
reduced barometric pressure on detection of intrapulmonary shunt, pulmonary gas exchange
efficiency, and total pulmonary resistance. J Appl Physiol Bethesda Md 1985 124: 1363-1376,
2018. doi: 10.1152/japplphysiol.00474.2017.

Birtsch P, Swenson ER, Paul A, Jiillg B, Hohenhaus E. Hypoxic ventilatory response,
ventilation, gas exchange, and fluid balance in acute mountain sickness. High Alt Med Biol 3:
361-376, 2002. doi: 10.1089/15270290260512846.

Birtsch P, Griinig E, Hohenhaus E, Dehnert C. Assessment of High Altitude Tolerance in
Healthy Individuals. High Alt Med Biol 2: 287-296, 2001. doi: 10.1089/152702901750265378.

Richalet J-P, Hermand E, Lhuissier FJ. Cardiovascular physiology and pathophysiology at
high altitude. Nat Rev Cardiol 21: 75-88, 2024. doi: 10.1038/s41569-023-00924-9.

Manferdelli G, Narang BJ, Bourdillon N, Debevec T, Millet GP. End-tidal carbon dioxide
tension is a reliable surrogate of arterial carbon dioxide tension across different oxygen, carbon
dioxide and barometric pressures. ERJ Open Res 9: 00507-02022, 2023. doi:
10.1183/23120541.00507-2022.

Wilson MH, Edsell MEG, Davagnanam I, Hirani SP, Martin DS, Levett DZH, Thornton
JS, Golay X, Strycharczuk L, Newman SP, Montgomery HE, Grocott MPW, Imray CHE,
Caudwell Xtreme Everest Research Group. Cerebral artery dilatation maintains cerebral
oxygenation at extreme altitude and in acute hypoxia--an ultrasound and MRI study. J Cereb
Blood Flow Metab Off J Int Soc Cereb Blood Flow Metab 31: 2019-2029, 2011. doi:
10.1038/jcbfm.2011.81.

Imray C, Chan C, Stubbings A, Rhodes H, Patey S, Wilson MH, Bailey DM, Wright AD,
Birmingham Medical Research Expeditionary Society. Time course variations in the
mechanisms by which cerebral oxygen delivery is maintained on exposure to hypoxia/altitude.
High Alt Med Biol 15: 21-27, 2014. doi: 10.1089/ham.2013.1079.

Mikhail Kellawan J, Harrell JW, Roldan-Alzate A, Wieben O, Schrage WG. Regional
hypoxic cerebral vasodilation facilitated by diameter changes primarily in anterior versus
posterior circulation. J Cereb Blood Flow Metab Off J Int Soc Cereb Blood Flow Metab 37:
2025-2034, 2017. doi: 10.1177/0271678X16659497.

Shimojyo S, Scheinberg P, Kogure K, Reinmuth OM. The effects of graded hypoxia upon
transient cerebral blood flow and oxygen consumption. Neurology 18: 127-133, 1968. doi:
10.1212/WNL.18.2.127.



537
538
539

540
541

542
543
544

545
546
547

548
549

550
551
552

553
554
555
556

557
558

559
560
561

562
563
564

565
566

567
568
569
570

571
572

573
574
575
576

577

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Ainslie PN, Poulin MJ. Ventilatory, cerebrovascular, and cardiovascular interactions in acute
hypoxia: regulation by carbon dioxide. J Appl Physiol Bethesda Md 1985 97: 149-159, 2004.
doi: 10.1152/japplphysiol.01385.2003.

Carr JMJR, Hoiland RL, Fernandes IA, Schrage WG, Ainslie PN. Recent insights into
mechanisms of hypoxia-induced vasodilatation in the human brain. .

Severinghaus JW, Chiodi H, Eger EI, Brandstater B, Hornbein TF. Cerebral blood flow in
man at high altitude. Role of cerebrospinal fluid pH in normalization of flow in chronic
hypocapnia. Circ Res 19: 274-282, 1966. doi: 10.1161/01.res.19.2.274.

Willie CK, Smith KJ, Day TA, Ray LA, Lewis NCS, Bakker A, Macleod DB, Ainslie PN.
Regional cerebral blood flow in humans at high altitude: gradual ascent and 2 wk at 5,050 m. J
Appl Physiol 116: 905-910, 2014. doi: 10.1152/japplphysiol.00594.2013.

Ainslie PN, Subudhi AW. Cerebral Blood Flow at High Altitude. High Alt Med Biol 15: 133—
140, 2014. doi: 10.1089/ham.2013.1138.

Willie CK, Smith KJ, Day TA, Ray LA, Lewis NCS, Bakker A, Macleod DB, Ainslie PN.
Regional cerebral blood flow in humans at high altitude: gradual ascent and 2 wk at 5,050 m. J
Appl Physiol Bethesda Md 1985 116: 905-910, 2014. doi: 10.1152/japplphysiol.00594.2013.

Subudhi AW, Fan J-L, Evero O, Bourdillon N, Kayser B, Julian CG, Lovering AT,
Panerai RB, Roach RC. AltitudeOmics: cerebral autoregulation during ascent, acclimatization,
and re-exposure to high altitude and its relation with acute mountain sickness. J Appl Physiol
116: 724-729, 2014. doi: 10.1152/japplphysiol.00880.2013.

Ferrari M, Mottola L, Quaresima V. Principles, Techniques, and Limitations of Near Infrared
Spectroscopy. Can J Appl Physiol 29: 463487, 2004. doi: 10.1139/h04-031.

Barstow TJ. Understanding near infrared spectroscopy and its application to skeletal muscle
research. J Appl Physiol Bethesda Md 1985 126: 1360-1376, 2019. doi:
10.1152/japplphysiol.00166.2018.

Yoneda I, Tomoda M, Tokumaru O, Sato T, Watanabe Y. Time of useful consciousness
determination in aircrew members with reference to prior altitude chamber experience and age.
Aviat Space Environ Med 71: 72-76, 2000.

Richard NA, Koehle MS. Differences in cardio-ventilatory responses to hypobaric and
normobaric hypoxia: a review. Aviat Space Environ Med 83: 677-684, 2012.

Smith KJ, MacLeod D, Willie CK, Lewis NCS, Hoiland RL, Ikeda K, Tymko MM,
Donnelly J, Day TA, MacLeod N, Lucas SJE, Ainslie PN. Influence of high altitude on
cerebral blood flow and fuel utilization during exercise and recovery. J Physiol 592: 55075527,
2014. doi: 10.1113/jphysiol.2014.281212.

Caldwell HG, Carr JMJR, Minhas JS, Swenson ER, Ainslie PN. Acid-base balance and
cerebrovascular regulation. J Physiol 599: 5337-5359, 2021. doi: 10.1113/JP281517.

Mollard P, Bourdillon N, Letournel M, Herman H, Gibert S, Pichon A, Woorons X,
Richalet J-P. Validity of arterialized earlobe blood gases at rest and exercise in normoxia and
hypoxia. Respir Physiol Neurobiol 172: 179-183, 2010. doi: 10.1016/j.resp.2010.05.017.



Figure 1

Respiratory frequency (bpm)
- - N N [%] [~} a5
5 o 8 & & & 3

)

3 T
rest
7rest " | exercise s
exercise #t+ 251
L 1= .l
@ ; 4
: ¢ 1 E 4
o= o150 t o
L 1 >
®
8 1r
3 4 F
L 4 05
. . . . . . . 0 . . . . . .
NN HN NH HH NN HN NH HH NN HN NH H NN HN NH HH
T T T T T T T T
70 *yyy ]
& [ rest ]
E 50 exercise
= 4
<40 | 4
S
£ L ST
S30r 8/ q
=
c
L2t B
10 - 1
0 . . . . . . . .
NN HN NH HH NN HN NH HH




Figure 2

80

Heart Rate (bpm)

o
o

S
15}

MCAv (cm/s)

* St
rest
exercise
L ) 4
r
I =
NN HN NH HH NN HN NH HH
*
rrest #
exercise
4
) 2
L ¢ v
NN HN NH HH NN HN NH HH

100

90

80

SpO, (%)

70

60

1200

1000

800

600

z:DO2 (z:m.mIO2 ! s.dlbl)

400

- e ey
rest *
exercise #+

b *

r ¢

NN HN NH HH NN HN NH HH
r *  x
| 72 )
’ ‘
rest
exercise
NN HN NH HH NN HN NH HH



Figure 3

2 T T T T T T T T 100 T T T T T T
*4
= _ 80t
E1 151 A N S ==
2 o L
z &4 4 O 60
5 ’ E
s £
< o
£ost 1 &
rest 20
exercise rest
0 L L L L L L L L 0 exercise L L L L L
NN HN NH HH NN HN NH HH NN HN NH HH NN HN
2 T T T T T T T T 100 T T T T T T
15 sor # #
g o S % (=
Y S 60r l
2 - <]
£ 1} = =4 p 5
% © 40l
2 E
2 =
= o5 ]
rest 20
exercise rest
0 L L L L L L L L 0 exercise L L L L

NN HN NH HH NN HN NH HH NN HN NH HH NN HN



Figure 4

77 90 _ 50
> =)
=)
* * I
7.65 # #e I £ 45
Lo E £
5 ~ 70 o 40
I o
21755 o <
~ T 60 g ¥
] B 8
= =} -1
= 50 3 30
2 745 2 >
o 2 K|
74 7 4 Z 25
© 8
7.35 30 20




Figure 5
—_ 1200
o]

KN
o
o
o

800

cDO2 (cm.mIO2 / s.dl
(<2}
3

H
o
o

) rest
[ J [ ] NN
i o« " 4 o HN
® 2 & 8 NH
i o A HH
.
p =< 0.001 *
R°=0.18 . . . . . .
1 2 3 4 5 6 7 10

KSS score

)
-
N
o
o

KN
o
o
o

cDO2 (cm.mIO2 / s.dl
(<2}
3

H
o
o

800 |

exercise
° NN
o ° HN
B - . NH
x - s HH
[ ) ’ . :
[ ) - ¢
p = < 0.001 . Y
R°=0.14 . . . . ’ .
1 2 3 4 5 6 7 10
KSS score



Table 1: barometric pressure (PB), inspired fraction of oxygen (F,02), and inspired oxygen pressure
(P,02) in normobaric normoxia (NN), hypobaric normoxia (HN), normobaric hypoxia (NH) and hypobaric

hypoxia (HH). ***p<0.001 vs. NN; # p<0.05, ### p<0.001 vs. HN;  p<0.05, 111 p<0.001 vs. NH.

NN HN NH HH
Py (mmHg) 723 £ 4 406 =4 723 + 4" 403 £ 57
Fi0, 0.209 0.394 0.112 0.209

P,0, (mmHg) 141.2+0.8 1415+ 1.5 757 £0.47 743 £ 1,07




Exercising in hypobaria and hypoxia

METHODS OUTCOME Specific effects of hypobaria in normoxia was
lesser than in hypoxia
Normobaric Normobaric Ew . 2 o
Normoxia Hypoxia % ) ! ?;8
(NN) - . (NH) "l ,,. e .
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CONCLUSION there is an additive effect of hypobaria on

exercise in severe hypoxia
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