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Study Objectives: Hypoxia is known to generate sleep-disordered breathing but there is a debate about the pathophysiological responses to two different
types of hypoxic exposure: normobaric hypoxia (NH) and hypobaric hypoxia (HH), which have never been directly compared. Our aim was to compare sleep

disorders induced by these two types of altitude.

Methods: Subjects were exposed to 26 h of simulated (NH) or real altitude (HH) corresponding to 3,450 m and a control condition (NN) in a randomized
order. The sleep assessments were performed with nocturnal polysomnography (PSG) and questionnaires. Thirteen healthy trained males subjects
volunteered for this study (mean + SD; age 34 + 9y, body weight 76.2 + 6.8 kg, height 179.7 £ 4.2 cm).

Results: Mean nocturnal oxygen saturation was further decreased during HH than in NH (81.2 + 3.1 versus 83.6 £ 1.9%; P < 0.01) when compared to NN
(95.5 + 0.9%; P < 0.001). Heart rate was higher in HH than in NH (61 + 10 versus 55 + 6 bpm; P < 0.05) and NN (48 + 5 bpm; P < 0.001). Total sleep time
was longer in HH than in NH (351 + 63 versus 317 £ 65 min, P < 0.05), and both were shorter compared to NN (388 + 50 min, P < 0.05). Breathing frequency
did not differ between conditions. Apnea-hypopnea index was higher in HH than in NH (20.5 [15.8-57.4] versus 11.4 [5.0-65.4]; P < 0.01) and NN (8.2
[3.9-8.8]; P < 0.001). Subjective sleep quality was similar between hypoxic conditions but lower than in NN.

Conclusions: Our results suggest that HH has a greater effect on nocturnal breathing and sleep structure than NH. In HH, we observed more periodic
breathing, which might arise from the lower saturation due to hypobaria, but needs to be confirmed.
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Significance

present results over longer expositions and other hypoxic levels.

Considering the slight physiological differences observed between normobaric and hypobaric hypoxia, we designed a crossover study with the aim to
make a direct comparison of sleep disorders in these two hypoxic conditions including a control condition in normobaric normoxia. To assess nocturnal
parameters in these three conditions nocturnal sleep polysomnography was used. Our results confirmed that hypoxia generates sleep-disordered
breathing, and for the first time that hypobaric hypoxia induces further disordered breathing and sleep structure than normobaric hypoxia. The present
findings should be considered when sleeping at altitude is involved during clinical trials or training protocols. Further studies are needed to validate the

INTRODUCTION
Sleep has been recognized as an essential component for ath-
lete preparation and has been suggested to be the single best re-
covery strategy available to an athlete." Sleep impairment has
been shown to negatively influence the athletes’ performance,’
mainly through an impairment of their aerobic performance,
which was shown to be directly related to sleep quantity and
quality.*> A drawback of altitude training might be a lower
sleep quality because high-altitude exposure is known for al-
tering sleep quality: West et al.® reported significant sleep im-
pairment at high altitude based on climbers subjective account
and objectively through polysomnography (PSG) recordings.
Szymczak et al.” used two standardized scales (the Pittsburgh
Sleep Quality Index and the Athens Insomnia Scale) to assess
the subjective sleep quality alterations at high altitude and
found significant impairments in general sleep quality and
sleep induction.” However, the precise mechanisms causing
sleep disturbances at high altitude remain unclear.
Recreational mountain sports in altitude such as trekking,
ski touring, or alpinism are becoming increasingly popular. Al-
titude/hypoxic training is also commonly used by athletes for
enhancing their sea-level performance through an improved
oxygen transport capacity as a result of a hypoxia-induced
erythropoietic response.® Hypoxia can be produced by a com-
bination of reduced barometric pressure (PB) and/or a reduced
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inspired fraction of oxygen (F,0,) resulting in an inspired par-
tial pressure of oxygen (P,0O,) less than 150 mmHg.? There is
currently a large debate on the pathophysiological responses to
hypoxia in two different types of exposure: hypobaric hypoxia
(HH; F,0, = 20.9%; PB < 760 mmHg) or normobaric hypoxia
(NH; F,0, < 20.9%; PB = 760 mmHg)."® These two types of
hypoxia seem to trigger different physiological responses with,
for instance, a greater increase in oxidative stress markers"
and a decrease in the nitric oxide (NO) bioavailability in HH,
compared to NH condition.">"* In addition, breathing pattern
has been shown to be affected in a different way between HH
and NH with a lower tidal volume, lower minute ventilation,
a higher physiological dead space, and a higher respiratory
frequency during HH exposure.”'*!5 Several previous studies
have also demonstrated that the severity of acute mountain
sickness (AMS) is higher in HH compared to NH.!6-*

During sleep, altitude also seems to have an effect on respi-
ratory physiology in both HH and NH. Oxygen transport has
been shown to be reduced in continuous NH" and intermittent
NH?? as well as in HH.* Moreover, Nespoulet et al. showed that
0O, and CO, chemosensitivity are closely related to ventilation
during NH.?* Kinsman et al.”* largely studied respiratory and
sleep disturbances during sleep in NH and observed periodic
breathing (irregular respiratory pattern marked by alternating
periods of rapid and slow respirations and by apneic periods
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lasting 15 sec or less) at a simulated altitude of 2,650 m. In ad-
dition, they also determined that the rate of rapid eye movement
sleep (%REM) increased with simulated hypoxic exposure
compared to normoxia and that longer exposure time was as-
sociated with worse sleep quality. In HH conditions, several au-
thors observed the development of periodic nocturnal breathing
with increasing altitude. Moreover, Sargent et al.?® and Roach et
al.”” reported a reduction of REM sleep and the presence of peri-
odic breathing during sleep in young athletes after rapid ascent
to 3,600 m. This occurrence of nocturnal periodic breathing
with accompanying cyclical intermittent hypoxia (IH)"*
means that the sleeping athlete would experience varying se-
verities of cyclical, intermittent arterial hypoxemia that contain
many of the features of maladaptive IH associated with sleep
apneas (e.g., reactive oxygen species producing cyclical Hb
oxygen desaturation/resaturation, transient arousals, repeated
swings in cerebral vascular resistance and blood flow, and in-
trathoracic pressures coinciding with apneic/hyperpneic phases
of the periodic cycles).” Furthermore, it was speculated®® that
these maladaptive effects of the altitude-induced nocturnal
IH would persist during the athlete’s daily training sessions
and negatively affect exercise performance, even in normoxia
through elevated sympathetic vasoconstrictor outflow and pul-
monary vascular remodeling-reduced plasma volume or high
ventilatory drive. Thus, sleeping in altitude would lead to alter-
ations in breathing physiology during sleep and/or subsequently
to maladaptive effects altering exercise performance, even at
sea level. However, recent studies also suggest that periodic
breathing at altitude may be a protective/adaptive mechanism.
It has been shown that for a given stimulus (either normobaric
or hypobaric) mean nocturnal S,0, mean can be higher in sub-
jects exhibiting a large amount of apneas compared to those
who do not.* In addition, periodic breathing does not appear
to play a predominant role in the pathogenesis of AMS* and
may even have a protective role.”? This supposes a possible
disconnection between sleep quality (high number of apneas
would be deleterious) and adaptive efficiency (high number of
apneas could be positive despite poor sleep quality). This was
recently shown in heart failure patients in whom treatment of
Cheyne-Stokes breathing with adaptive servoventilation led
to a significant increase in cardiovascular mortality.*> To date,
sleep pattern has been observed in either NH or HH, but the
two conditions have never been directly compared. The pur-
pose of the current study was therefore to compare the mag-
nitude of sleep and breathing disturbances between these two
hypoxic conditions in order to better understand the underlying
pathophysiological mechanisms.

METHODS

Participants

Thirteen healthy trained male subjects volunteered for this
study (mean + SD; age 34 + 9 y, body weight 76.2 + 6.8 kg,
height 179.7 + 4.2 cm). All subjects provided a written informed
consent before participation. The experiment was approved by
a Medical Ethics Committee (Commission Cantonale Valai-
sanne d’Ethique Médicale, CCVEM; Agreement 051/09) and
performed in accordance with the Declaration of Helsinki.
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Protocol

After a first visit to the sleep laboratory, the participants were
asked to sleep under three different conditions in random
order, 12 to 20 days apart. Two nights were spent in a hypoxic
chamber (ATS Altitude, Sydney, Australia) at an altitude of 485
m (Sion, Switzerland). One- night recording was performed in
the chamber under normobaric normoxia (NN) conditions with
a FiO; of 20.9% (control night, PB of 718.1 + 3.8, mmHg P,0O,
140.5 + 0.6 mmHg, a temperature of 23 &+ 1°C and a humidity of
42.8 + 4.4%), and a second night in the chamber under normo-
baric hypoxia (NH) with a F,0; of 13.6% to simulate an altitude
of 3,450 m (PB of 715.8 + 3.8 mmHg, P,0, of 91.0 = 0.6 mmHg,
a temperature of 22.7 = 0.8°C, and a humidity of 41.0 + 4.8%).
Oxygen level was controlled with an electronic oximeter (GOX
100 oximeter, Greisinger, Regenstauf, Germany). In order to
blind the subjects to normobaric hypoxic or normoxic condi-
tion, the hypoxic system was also running during the NN night
but normoxic airflow was allowed into the chamber. The third
nocturnal recording was performed in HH at the Jungfraujoch
High Altitude Research Station (3,450 m, F\O, of 20.9%, PB of
481.8 £ 47 mm Hg, PO, of 90.9 + 1.0 mmHg, temperature of
21.3 + 0.6°C, humidity of 45.1 &+ 8.3%). Each session consisted
in a 26-h exposure to each condition (NN, NH, HH) in a ran-
domized order. The schedule and activities during the entire
sessions were exactly the same for each condition. The bedding
conditions were similar among conditions. Sleep hours and
conditions were well controlled. Subjects were equipped with
the PSG and then immediately went to bed at 22:00. The light
were then turned off for the entire night and turned on at 06:00.
Thus, the time spent in bed and the night duration were exactly
the same among conditions. Moreover, subjects were wearing
earplugs and eye masks during the night, to avoid any external
(i.e., noise and/or light) perturbations. The travel duration to ac-
cess the Jungfraujoch High Altitude Research Station by train
during the HH sessions was approximately 50 min. This gradual
gain in altitude was simulated during the NH and NN sessions.
For 45 min before entering the chamber, subjects breathed either
hypoxic air (for NH) or room air (for NN) in a blinded fashion,
using a mask connected to a three-way valve to an altitude simu-
lation device (Altitrainer, SMTech, Nyon, Switzerland).

The hypoxic chamber is a well-ventilated 30 m*® room
(24 m x 5.0 m x 2.5 m) with transparent glass panels. The
system consists in a compressor storing air in pressurized
tanks with serial connection to air filters allowing oxygen re-
duction (altitude simulation) in the chamber. Temperature in-
side the chamber was maintained at a mean 23°C (23°C and
22.7°C for NN and NH, respectively) by an internal air condi-
tioning system.

During each session, participants were asked to complete
three questionnaires upon awakening in the morning: (1) The
ESQ (Environmental Symptoms Questionnaire, divided in two
parts: ESQ C for cerebral symptoms and ESQ R for respiratory
symptoms, 67 questions®), developed to help researchers quan-
tify symptoms experienced by individuals exposed to extreme
environmental conditions; (2) the Lake Louise score question-
naire (LLS), a scoring system developed by the 1991 Interna-
tional Hypoxia Symposium consensus committee, which is
currently in widespread use to assess the severity of AMS,*
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Table 1—Sleep indexes and indicators measured with night polysomnography.
Indices Units NH HH ANOVA P

TST min 388 + 50 317 £ 65° 351 + 6324 0.031

Sleep efficiency % 928+4.8 85.3+125 84.4+122 0.094

WASO min 29+19 55+45 63148 0.083

Al 1.min"' 17.3+6.8 262+14.3 246 +13.9 0.150

SOL min 7471 9497 56136 0.407

NREM 1 min 285+11.3 26.9+16.0 3201+£12.8 0.620

NREM 1 % 74+28 86149 9.2+4.1 0.502

NREM 2 min 217.9+38.0 192.2+40.8 207.7£417 0.271

NREM 2 % 56375 611741 59.1+6.5 0.235

NREM 3 min 66.7 £17.5 55.8 £18.52 49.2 +15.124 0.043

NREM 3 % 17134 176+ 4.6 143142 0.098

REM min 75.0%19.9 422+209° 62.4 +£27.124 0.003

REM % 19.2+4.0 12.7+£49¢ 17.4 £ 5824 0.006

Position transition n 26.0 £ 26.6 26.7£15.3 3494226 0.522
Data are mean + standard deviation. Sleep efficiency is the ration of time spent asleep (i.e., TST) to the amount of time spent in bed. 2P < 0.05. °P < 0.01.
°P < 0.001 for differences with NN. ¢P < 0.05 for differences with NH. Al, total arousal index; ANOVA, analysis of variance; HH, hypobaric hypoxia;
NH, normobaric hypoxia; NN, normobaric normoxia; NREM, nonrapid eye movement; REM, rapid eye movement; SOL, sleep onset latency; TST, total
sleep time; WASO, wake after sleep onset.

and (3) the Groningen Sleep Quality Scale,* which was used
to evaluate high altitude sleep disturbances.

Twice per session, 4 h before sleep and 4 h after waking
up, the eupneic end-tidal CO, pressure (PrrCO,) was recorded
on a breath-by-breath basis by mouth with a Pitot tube (Med-
graphics CPX, Loma Linda, CA, USA). This parameter is a
good indicator of arterial pressure in CO, (PaCO,).

Sleep was recorded using PSG. A trained sleep technician
equipped the subjects with the PSG recorder (Titanium, Embla
Flaga, Reykjavik, Iceland) between 19:00 and 21:00. All sleep
recordings included six electroencephalography, two electro-
oculography, three surface electromyography (one submental,
two for right and left anterior tibialis muscles) channels, elec-
trocardiogram (composed of two electrodes), nasal pressure,
thoracic and abdominal belts, body position, oxygen satura-
tion, and pulse rate.

All PSG recordings were scored by a trained sleep tech-
nicians (NT) using Somnologica software (Version 5.1.1, by
Embla Flaga, Reykjavik, Iceland) and reviewed by certified
sleep physicians. Sleep stages, leg movements, and arousals
were scored according to the 2007 American Academy of Sleep
Medicine (AASM) criteria.*® Apneas/hypopneas were scored
according to the AASM 2012 rules.”” The average number of
apneas/hypopneas per hour of sleep (apnea-hypopnea index
[AHI]) was calculated. The oxygen desaturation indexes rep-
resent the number of oxygen saturation drops (= 3% and > 4%
for oxygen desaturation index [ODI] 3% and ODI 4%, respec-
tively) per hour of sleep.

Statistics

Data are reported as means and standard deviation for all
parameters except for AHI and ODI, where the medians and
the first and third quartile are reported. Data were tested for
equality of variance (Levene test for equality of variances)
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and for normality (Shapiro-Wilk test). One-way analyses of
variance (ANOVAs) with Student-Newman-Keuls post hoc
tests for all pairwise comparisons were used to identify dif-
ferences between conditions (NN, NH, HH) in all respiratory,
sleep, and questionnaires data. AHI and ODI were not nor-
mally distributed, so ANOVAs were done on log-transformed
data and values are presented with medians and confidence
intervals. Null hypothesis was rejected at P < 0.05. A two-way
ANOVA with repeated measures (condition X time) was used
to identify differences in PrrCO, between before and after the
night as well as between conditions; Holm-Sidak post hoc test
was used for all pairwise comparisons to identify differences
between conditions (NN, NH, HH). Pearson correlation was
used to determine correlations between S,0,, hypopneas and
LLS. All analyses were made using Sigmaplot 11.0 software
(Systat Software, San Jose, CA). We estimated that 13 subjects
were needed to have a 90% power with and alpha of 0.05 to
detect 10 = 10 respiratory events per hour of sleep between the
different conditions.

RESULTS

Sleep variables in the three different conditions are presented
in Table 1. Total sleep duration was decreased under both hy-
poxic conditions compared with the normoxic condition. The
time spent in deep sleep (N3) and in REM sleep was also
reduced in both hypoxic conditions (ANOVA P < 0.05 and
P < 0.001, respectively), with an additional reduction in HH
compared to NH (P < 0.05 for both).

Respiratory parameters during sleep are displayed in
Table 2. In HH and NH, there was a decrease in mean noc-
turnal S,0, (P <0.001) and an increase in ODI 3% or ODI 4%
compared to NN condition (P <0.001). We also observed a fur-
ther significant alteration in these parameters in HH compared
to NH (P < 0.05 for all). Similarly, the frequency of respiratory
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Table 2—Respiration indices and indicators measured with the night polysomnography.

Indices Units NN NH HH ANOVA P
AHI n 8.2[3.9-8.8] 11.4[5.0-65.4]° 20.5[15.8-57 4]3¢ 0.006
AHl'in REM n 01[0-6.8] 1.2[0-17.0] 6.5[0.6-11.5] 0.291
AHI NREM n 6.9 [3.2-8.2] 10.2 [5.4-69.1]° 20.9 [12.2-58.9]2¢ 0.010
AHI Supine n 9.4[2.4-18.1] 17.9[7.9-61-7]2  40.7 [17.5-76.2]2¢ 0.003
AHI Non-supine n 5.2[3.1-7.0] 11.9[2.8-51.0] 23.5[7.3-40.4] 0.116
ODI 3% n 4.412.2-4.8) 22.7[13.1-73.8]°  47.6[22.1-82.2]3¢ <0.001
ODI 4% n 0.9[0.5-1.2] 9.1[5.7-59.2]* 29.2[8.8-57.1]2¢ <0.001
RAI n 53+39 142+17.8 13.1+£134 0.185
Hypopnea n 72+24 18.3+ 1592 25.3+18.8°4 0.005
Mean S,0, % 95.5+0.9 83.6+19¢ 81.2+3.1¢¢ <0.001
Min S,0, % 92.0+15 747+70° 72.6 £4.2¢°¢ <0.001
Heart rate beat.min™ 48+5 55+6° 61+ 10¢°d <0.001
%TST S,02 < 90% % 02+0.7 99.79 £ 0.3¢ 99.84 +0.6°¢ <0.001
Breathing freq breath.min”! 9.7+£32 105+34 109+37 0.748

Data are median + confidence interval for all AHI and ODI and mean + standard deviation for RAI, HI, Mean S,0,, Min S,0,, heart rate and %S,0 < 90%.
2P < 0.05.°P < 0.01. P < 0.001 for differences with NN. P < 0.05. ¢P < 0.01 for differences with NH. AHI, apnea-hypopnea index; AHI NREM, apnea-
hypopnea index in nonrapid eyes movements; AHI in REM, apnea-hypopnea index in rapid eyes movements; ANOVA, analysis of variance; HH, hypobaric
hypoxia; NH, normobaric hypoxia; NN, normobaric normoxia; ODI, oxygen desaturation index; RAI, respiratory arousal index; SOL, sleep onset latency;
S,02, oxygen saturation level; TST, total sleep time; WASO, wake after sleep onset.

Table 3—Questionnaires scores.

Questionnaire Score NH HH ANOVA P
LLS 0-15 16+£13 23+28 3.1+26 0.229
ESQC 0-5 0.1£0.1 03+05 05+06 0.096
ESQR 0-5 0.2+0.2 0.2+0.3 03+04 0.268
SLS 0-14 38+34 6.6 +£3.5° 6.5+4.12 0.016
VAS SQ 0-10 55+2.1 40+21 47+22 0.194
VAS WS 0-10 59+18 49+21 5024 0.329

Data are mean + standard deviation. Questionnaires filled in the morning after each night in normobaric normoxia (NN), normobaric hypoxia (NH), or
hypobaric hypoxia (HH). P < 0.05 for differences with NN. ANOVA, analysis of variance; ESQ C, environmental syndrome questionnaire for cerebral
symptoms of acute mountain sickness; ESQ R, environmental syndrome questionnaire for respiratory symptoms of acute mountain sickness; LLS, Lake
Louise score; SLS, sleep score (Groeningen); VAS SQ, visual analog scale for sleep quality; VAS WS, visual analog scale for waking state.

events (AHI) increased in NH compared to NN and was even
significantly higher in HH compared to NH (P < 0.05). These
differences in AHI were absent in REM sleep. The type of
respiratory events observed included most hypopneas, which
were almost exclusively central hypopneas. There was no sig-
nificant difference in the types of apnea (central, obstructive,
or mixed) events between the three conditions, which were al-
most exclusively central apneas. Breathing frequency did not
differ between the three conditions.

The LLS were not statistically different between conditions
(1.6 +1.3,2.3+2.8,and 3.1 + 2.6 for NN, NH, and HH, respec-
tively), but showed mild AMS (higher than 3) only in HH.

The results of the questionnaires assessing subjective sleep
quality and sleep-related complaints are shown in Table 3. Only
the Goeningen questionnaire showed a significant decrease in
sleep quality in NH and HH compared to NN, without differ-
ence between the two hypoxic conditions.
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The PerCO, before sleep was not different between HH
and NH (34.9 + 5.5 versus 35.1 + 2.7 mmHg for HH and NH,
respectively) but they were both significantly lower com-
pared to NN (38.7 + 3.2 mmHg, P < 0.05). After sleep, the
PerCO,; remained higher for NN (39.3 + 3.1 mmHg, P <0.001)
compared to the hypoxic conditions (33.2 + 2.2 and 33.5 £ 4.8
mmHg for NH and HH, respectively), with both hypoxic con-
ditions being similar (condition x time interaction F = 2.003,
P =0.167).

A negative correlation was noted between S,0, and the hy-
popneas (r=-0.442, P=0.024; NH and HH data pooled). When
considering the conditions separately, the relationship was sig-
nificant only in NH (r = —0.555, P = 0.049 versus R = —0.326,
P =0.277, for NH and HH, respectively). Another correlation
was observed between S,0, and the LLS (r=-0.416, P = 0.035;
NH and HH data pooled) but was significant only in HH
(r=10.006, P =0.984 versus r = —0.659, P = 0.014; for NH and
HH, respectively).
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DISCUSSION

To our knowledge, this is the first study directly comparing
the effects of NH versus HH with matched inspired pressure
of oxygen on sleep structure and sleep-disordered breathing in
the same group of subjects. Our results show that both hypoxic
conditions are associated with decreased sleep quality and in-
creased nocturnal breathing disturbances. The major finding
is that the addition of hypobaria to hypoxia (i.e., HH) further
alters nocturnal breathing and sleep quality compared to hy-
poxia alone (i.e., NH).

The decrease in mean S,0, found in both hypoxic condi-
tions were expected but we observed a further decrease in HH
compared to NH despite a similar oxygen pressure level (PO,
91.0 £ 0.6 mmHg versus 90.9 + 1.0 for NH and HH). These data
are in line with data from previous studies.'>** Although dif-
ferences in physiological dead space between NH and HH have
been previously suggested," this mechanism remains highly
speculative. In the current study, breathing frequency was
not significantly higher in HH than in NH, but differences in
breathing pattern between the two hypoxic conditions already
have been reported®** with a higher breathing frequency in
HH, even if this point is still debated.*

The lower S,0, in HH compared to NH could also be due to
a decrease in NO bioavailability, yielding a pulmonary capil-
lary vasoconstriction and impaired alveolar/capillary gas ex-
change and modifying O, diffusion by decreasing the pressure
gradient.”***' Barometric pressure per se can modify the fluid
circulation (e.g., pulmonary lymph node) and the transalveoli-
capillary membrane flux.** It may also influence the N, and
O, concentration in the cerebrospinal fluid and therefore partly
change the central regulation of ventilation.” Moreover, it has
been speculated that apnea/hypopneas have a protective effect
during sleep at altitude by preserving a better oxygenation,
probably due to a more pronounced hyperventilation following
apneic events.” It was not the case in the current study: the
lower the S,0,, the higher the number of hypopneas. In ad-
dition, the relationship between S,0, and hypopneas was sig-
nificant only in NH, suggesting that the difference in mean
nocturnal S,0, between NH and HH was not only due to the
difference in the ventilatory events.

The increase in respiratory events (central apneas and hy-
popneas) found in both hypoxic conditions are believed to be
related to a hypoxia-induced increase in chemoreceptor sen-
sitivity (higher loop gain).*> When loop gain increases, the
ventilatory response to mild increases in arterial CO, level
generated by hypopneas or apneas tends to be excessive during
sleep. This ventilatory “overshoot” at the end of the respira-
tory events will in turn generate a drop in PaCO, level (and
re-increase S,0») in the following seconds. During sleep, ven-
tilation drive is highly dependent on the blood CO, level: when
P.CO, drops below a certain level called the apnea threshold,
breathing slows down or stops, generating a hypopnea or an
apnea until P,CO, builds up and stimulates breathing again,
and so on.

Another factor influencing the increase in respiratory events
could be the decreased mean S,0,, which increases the ampli-
tude of the oxygen desaturations (ODI 3% and ODI 4%) for a
given decrease in P,O,, because the hemoglobin dissociation
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curve is much steeper for the S,0, values of 81% to 84% that
we observed in hypoxic conditions. A decrease in arousal
threshold (increased arousability) associated with hypoxia
could also induce respiratory instability and increase the fre-
quency of nocturnal respiratory events. However, we do not
believe that this was a major factor because the arousal index
was only mildly increased in hypoxic conditions compared
with normoxia.

The decrease in respiratory events found during REM sleep
is a well-known phenomenon occurring at low and high al-
titude due to a lesser CO, sensitivity in this sleep stage. The
increase in sleep-disordered breathing observed in HH com-
pared to NH is, however, more difficult to explain. The pos-
sible increase in physiological dead space in HH is probably
not the only cause because previous studies by our group and
others showed that an increase in dead space (using a face
mask) could significantly decrease altitude-induced central re-
spiratory events*** (even though this experimental increase in
dead space was probably much larger). Altered environmental
conditions (comfort, temperature) at high altitude compared
with simulated altitude could play a role but the arousal index
was not different between both conditions. Of importance was
that the environmental factors were strictly controlled, with
particular attention on humidity, temperature, and sleep condi-
tions (bedtime and rise, noise and light conditions) and, obvi-
ously, inspired oxygen fractions. A measurement of end-tidal
CO; during sleep in both conditions could help to better under-
stand these differences.

We also found decreased sleep duration and a lower pro-
portion of deep sleep (N3) and REM sleep in both hypoxic
conditions compared with normoxic condition. These sleep
structure alterations have been reported before in young
athletes at high altitude (3,600 m) with a resumption after 2
weeks, except for lower deep sleep.?® The same pattern was
also reported in mountaineers at higher altitude (4,559 m) with
an early improvement after 3 nights.*® The most likely expla-
nation for these sleep structure alterations is the increase in
sleep-disordered breathing, which increases sympathetic ner-
vous system activity. Our results do not support direct effect of
environmental conditions such as temperature or discomfort
of the bed since we saw the same decrease in REM sleep, slow
wave sleep, and total sleep time in both hypoxic conditions;
whereas NN recordings took place in the exact same chamber
as NH, with F,O, being the only difference. Surprisingly, the
sleep duration was more impaired in NH condition than in HH
condition despite a lower AHI in NH. We could speculate that
hypobaric conditions (HH) may be more exhausting for the
brain and could thus generate a greater sleep need than in NH
but this hypothesis would need to be confirmed in a specific
study.

Despite the fact that no statistical difference in LLS was
reported between conditions, a score higher than 3 was only
present in HH, showing a mild AMS in this condition only. HH
seems to induce more severe AMS than NH, which is in line
with a recent study from DiPasquale et al."® Moreover, the re-
lationship between S,0, and LLS was significant in the pooled
data of NH and HH, but only in HH and not in NH. The lower
the S,0,, the higher the AMS, in line with previous studies.
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The larger “maladaptive response”* of sleeping in HH (i.e.,

induced by lower S,0, and positive LLS), when compared to
NH, is of practical importance for altitude training in athletes.
First, it confirms that the severity of hypoxia is higher in HH.
Second, it might explain that these detrimental effects may
partly counteract the expected positive ones: recently, we re-
ported that the increase in hemoglobin mass* and the perfor-
mance enhancement*® were similar following 18 days of “Live
High Train Low” (where athletes live and sleep at altitudes be-
tween 2,200 and 2,500 m and train under 1,200 m) in NH or
HH, despite a more severe hypoxic stimulus (larger sleeping
desaturation) and longer hypoxic dose (300 versus 220 h) in
HH. However, the current study was performed at real and
simulated altitude of 3,450 m and it is likely that the physiolog-
ical consequences of various degrees of hypoxia might differ.
Therefore, the conclusions from the current study might not
apply to studies performed at lower or higher altitudes. Further
studies at different altitudes are needed to assess the potential
sleep differences between NH and HH. Many fields are con-
cerned by the differences between NH and HH: national and
international teams and athletes are now using altitude or hy-
poxic training to improve their preparation?’; several military
forces are also using preacclimatization strategies to prepare
for high-altitude missions or assess the effect of HH versus NH
for space and aviation applications.***

CONCLUSIONS

Our results demonstrate for the first time that HH (e.g., real
altitude) has a greater effect on nocturnal breathing and sleep
structure than NH (e.g., simulated altitude) conditions. Pri-
marily, HH induces lower nocturnal oxygen saturation and
more AHI compared with NH. The main differences between
these conditions could be NO metabolism altering pulmonary
capillaries vasodilation or an increased physiological dead
space due to hypobaria, but these hypotheses will need to be
confirmed in further studies. Additional research is required
to determine individually the duration and severity of inspired
PO; (i.e., the degree of hypoxia) for achieving an optimal com-
bination of positive (erythropoietic and peripheral) effects
without significantly inducing maladaptive consequences for
recovery and performance. However, the current study ex-
plores only one (the first) night. A valuable perspective would
be to extend the comparison between conditions over longer
duration, in order to assess the different adaptations during
and after the acclimatization period. Another perspective
would be to extend the comparison at lower or higher altitudes,
as the current results are only applicable at the tested altitude
of 3,450 m.
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