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Purpose: Recuperation during sleep on board of commercial long-haul flights is a safety issue of utmost importance for flight crews
working extended duty periods. We intended to explore how sleep and blood oxygenation (in wake versus sleep) are affected by the
conditions in an airliner at cruising altitude.
Methods: Healthy participants’ sleep was compared between 4-h sleep opportunities in the sleep laboratory (n = 23; sleep lab, ie,
53 m above sea level) and in an altitude chamber (n = 20; flight level, ie, 753 hPa, corresponding to 2438 m above sea level).
A subgroup of 12 participants underwent three additional conditions in the altitude chamber: 1) 4-h sleep at ground level, 2) 4-h sleep
at flight level with oxygen partial pressure equivalent to ground level, 3) 4-h monitored wakefulness at flight level. Sleep structure and
blood oxygenation were analysed with mixed ANOVAs.
Results: Total sleep time at flight level compared to in the sleep laboratory was shorter (Δ mean ± standard error −11.1 ± 4.2 min) and
included less N3 sleep (Δ −17.6 ± 5.4 min), while blood oxygenation was decreased. Participants spent 69.7% (± 8.3%) of the sleep
period time but only 13.2% (± 3.0%) of monitored wakefulness in a hypoxic state (<90% oxygen saturation). Oxygen enrichment of
the chamber prevented oxygen desaturation.
Conclusion: Sleep – but not wakefulness – under flight conditions induces hypobaric hypoxia which may contribute to impaired
sleep. The results caution against the assumption of equivalent crew recovery in-flight and on the ground but hold promise for oxygen
enrichment as a countermeasure. The present results have implications for flight safety and possible long-term consequences for health
in crews.
Keywords: polysomnography, oxygen saturation, EEG sleep power spectra, altitude, air travel, oxygen enrichment

Introduction
With the steady increase in number and duration of long-haul flights, crews’ on-board sleep, recovery, and performance
are an important topic for safety. The current European regulations limit the maximum flight duty period to 13 hours
during daytime and 11 hours during nighttime (Commission Regulation (EU) Nr. 83/2014). The schedule of many long-
distance flights exceeds these limitations so that additional crewmembers are required for operation. Thus, adequate
recuperation for off-duty crewmembers must be granted on board.

Sleep is the key for safe operations as it lays the basis for high cognitive performance and vigilance, whereas
extended time awake can increase crew fatigue risk.1,2 From mountaineering investigations, it is known that the
environmental conditions at high altitudes cause fragmented and disturbed sleep.3,4 Flight crews have reported short
and disrupted inflight sleep periods.5,6 At cruising altitude a commercial airplane is required to have a minimum
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barometric pressure of 753 hPa inside the pressurized cabin (equivalent to an altitude of 2438 m).7 At this altitude, the
oxygen partial pressure is lower and corresponds to 158 hPa8 (21% O2 * 753 hPa = 158 hPa = 118 mmHg) instead of 213
hPa at sea level (15°C, dry). This altitude is defined as the lower limit of moderate altitude (2438–4572 m).9 Healthy
persons partly compensate reduced oxygen availability by increasing depth and rate of breathing as well as by increasing
cardiac output. In awake healthy persons, these mechanisms counteract and partly prevent typical effects of hypobaric
hypoxia up to an altitude of 3048 m (region of complete compensation).10 The effectiveness of these mechanisms shows,
however, high inter-individual variability with respect to physiological reactions11 as well as cognitive and physical
performance.9 Respiratory disturbances such as periodic breathing have been reported to occur during sleep at higher
altitude.12 These respiratory patterns may negatively impact sleep efficiency through frequent arousals, but there have
been studies that did not find a relation to sleep fragmentation.13 At high altitudes periodic breathing seems to intensify
with acclimatization, possibly reversing or preventing further oxygen desaturation,3 while arousals may decrease at the
same time.14 At moderate altitudes, the picture is controversial, with some studies that did15,16 and others that did not13

observe respiratory disturbances.
In addition to the decreased pressure, the air in the cabin is dry and the inflight noise is considerable. Taken together,

problems that may arise due to on-board conditions include hypobaric hypoxia, dehydration and dry mucosae, and noise
stress,17,18 which may all have a negative impact on sleep.

In the present study, conditions in a crew-rest unit of an airliner at cruising altitude were simulated in an altitude
chamber on the ground to investigate their impact on healthy individuals. We hypothesized that 1) sleep quality and
oxygen saturation would be negatively affected when compared to sleep in the sleep laboratory, and that 2) oxygen
enrichment of the cabin air to a partial pressure equivalent to sea level would restore blood oxygenation.

Materials and Methods
All participants signed informed consent according to the Declaration of Helsinki and were remunerated for participation.
The study was approved by the Ethics Committee of the North Rhine Medical Board. The Ethics Committee of the North
Rhine Medical Board is an independent review board that is responsible for our studies since the German Aerospace
Center does not have an institutional review board.

Results from two studies, performed at the Institute of Aerospace Medicine of the German Aerospace Center, are
reported. A flowchart provides an overview of participants and protocol (Figure 1).

Participants
Study 1: Questionnaires, medical history, physical examination, blood and urine tests, and electrocardiography were used
in a multi-level screening process to exclude applicants with physical, psychological, intrinsic sleep or circadian
disorders. Forty-eight subjects between 18 and 40 years of age were included and randomly assigned to two groups
stratified by age, gender, and BMI. One group was exposed to the experimental condition (flight level), the other served
as control (sleep lab). Four data sets of the experimental group had to be excluded due to high temperatures caused by
technical problems in the altitude chamber which might have disturbed sleep, leaving data of 20 participants (10 female,
mean age 26.1 years ± 4.5 SD, BMI 23.4 ± 2.3 SD). One participant of the control group withdrew consent before the end
of the study, resulting in 23 datasets (9 female, mean age 26.4 years ± 5.8 SD, BMI 24.3 ± 2.7 SD).

Study 2: A subgroup of 12 participants (6 female, mean age 26.2 years ± 5.1 SD, BMI 23.9 ± 1.8 SD) was randomly
selected from the 20 participants of the experimental group of study 1 to undergo a second set of interventions.

Setting and Procedures
Study 1: Participants stayed under controlled conditions in the laboratory. First, participants underwent two adaptation
nights followed by one baseline night (11:00 pm to 07:00 am). During the adaptation nights, participants had the
opportunity to adapt to the laboratory environment and polysomnographic equipment. The first adaptation night also
served to screen out preexisting sleep pathologies (sleep apnea). After the baseline night, participants were examined in
three different sleep restriction/deprivation conditions which were scheduled in counterbalanced fashion (for methodo-
logical details see19,20). Each sleep restriction/deprivation regimen was followed by two 8-h recovery nights (11:00 pm to
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Figure 1 Study flow detailing participants and protocol.
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07:00 am) except for the first recovery night after total sleep deprivation (09:00 pm to 07:00 am) which provided a 10-h
sleep opportunity. The three regimens consisted of: i) Total sleep deprivation – participants stayed awake for 38 h from
07:00 am to 09:00 pm the next day. ii) Sleep restriction and alcohol – participants drank alcohol during daytime and were
scheduled to sleep from 00:00 am to 04:00 am either in the sleep lab or in the altitude chamber (as detailed under iii). iii)
Sleep restriction – participants had a sleep opportunity of 4 h from 00:00 am to 04:00 am either in the sleep lab or in the
altitude chamber (flight level). This sleep restriction data (iii) was included in the present analyses comprising the
following two experimental conditions:

1. Flight level: the experimental group slept in an altitude chamber furnished as a four-bed crew-rest unit under
atmospheric conditions equivalent to an airliner cabin at cruising altitude. Accordingly, ambient pressure was
maintained at 753 hPa corresponding to 2438 m altitude, and in-flight noise at 70 dB(A) (replayed from
a recording during a commercial flight from Cologne to Cairo in a crew-rest unit of an Airbus A340-300).

2. Sleep lab: the control group slept in the sleep laboratory in private bed rooms under normobaric (53 m altitude)
conditions and in quiet (<30 dB(A)).

Study 2: After one adaptation night and one baseline night in the sleep laboratory with 8 hours sleep opportunity each
(11:00 pm to 07:00 am), participants underwent three different experimental conditions (counterbalanced) in the crew-
rest unit of the altitude chamber from 00:00 am to 04:00 am.

1. Ground level: 4-h sleep opportunity under normobaric (pressure = 982.8 ± 0.2 hPa SD) as well as normoxic
conditions (21% oxygen content).

2. Oxygen enrichment: 4-h sleep opportunity at decreased ambient pressure (753 hPa) but with increased oxygen
fraction (27.8%) to maintain a partial pressure of oxygen equivalent to ground level (209 hPa).

3. Wake condition: 4-h recumbent monitored wakefulness under hypobaric (753 hPa) conditions equivalent to an
airliner cabin at cruising altitude.

Two recovery nights were provided between the experimental conditions. Participants spent the first recovery night at
home (09:00 pm to 07:00 am), with bedtime and rise time verified by wrist actigraphy (ZAK, Marktheidenfeld), and
the second recovery night in the sleep laboratory (11:00 pm to 07:00 am). Adaptation, baseline, and recovery nights in
the sleep lab further ensured that participants strictly adhered to the scheduled sleep times and did not incur a sleep deficit
prior to the experimental conditions in the altitude chamber. Facilities and recording devices were identical with study 1.
In all conditions, the inflight noise of 70 dB(A) was played back like in study 1. We used a short pressurize/depressurize
sham manoeuvre at the start of all conditions to guarantee successful blinding of participants with respect to the ambient
pressure of the conditions. They were also blind to the oxygen content of conditions.

Polysomnography (PSG)
Study 1: Participants’ sleep was recorded using electroencephalography (EEG: C3, F3, O1, and C4, F4, O2, referenced to
A2 and A1 respectively), electrooculography, submental electromyography, and one-lead electrocardiography according
to the international 10–20 system. Signals were filtered (high-pass: time constant, 2.2 s for EEG and EOG; 0.04 s for
EMG; low-pass: Butterworth, 12 dB/octave; −6 dB at 70 Hz for EEG, EOG, and EMG) and digitized with a 12-bit
resolution, a 1024-Hz sampling, and 256-Hz storage rate. Sleep stages were scored in 30-s epochs and arousals were
marked according to conventional criteria21 by one trained technician. Digitized EEG signals from C3/A2 or C4/A1
(same derivation was used for all nights of each participant; chosen with respect to signal quality; high-pass filter, time
constant 4 s; low-pass filter, Butterworth, 36 dB/octave, filter of 6th rank; −6 dB at 70 Hz) were subjected to fast Fourier
transformation (FFT) using 4-s epochs (Hanning window, no averaging) with 3-s shift. Epochs with high-frequency and/
or low-frequency artifacts, usually arising from body movements, were excluded automatically based on deviations from
a moving median. Whole night power spectra were visually inspected for further artifact detection and exclusion. PSG
data from two participants of study 1 (one of the experimental and control group each) had to be excluded due to
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artifacts. Signal quality of additional 12 nights was insufficient for FFT analyses (6 participants from sleep lab and
altitude chamber each were excluded).

Study 2: Due to technical problems (inadvertent change in the high-pass filter settings of the EEG), PSG data from
study 2 could not be used for comparisons with study 1 and were discarded from the present analysis.

Self-Reported Sleep Quality and Sleepiness
Study 1: In the morning, shortly after awakening, participants evaluated their sleep episode with digital 100 mm long
visual analogue scales regarding sleep depth (anchors: sound versus shallow), calmness of sleep (anchors: calm versus
restless), and recuperation during sleep (anchors: high versus low). At 9:00 am, they rated their sleepiness on the
Karolinska Sleepiness Scale (KSS22).

Study 2: Self-ratings were not available.

Blood Oxygen Saturation
Study 1 and 2: Blood oxygen saturation (SpO2) was recorded with a fingertip sensor which was integrated in our sleep
recording device (PD3, DLR) and was used for all analyses of oxygen saturation. For continuous online-monitoring an
additional sensor (fingertip sensor PalmSAT® 2500 Series, Nonin) was used.

Statistics
We analysed the effect of the different conditions on sleep structure, sleep EEG spectral power density, SpO2, and heart
rate using random subject mixed models (SAS version 9.4):

Study 1: Sleep structure (total sleep time (TST), sleep efficiency, sleep onset latency (SOL), WASO, and N1, N2, N3,
REM sleep in minutes per sleep period time (SPT)), number of awakenings and arousals, and self-reported sleep depth,
calmness, and recuperation during sleep as well as sleepiness were analysed with factor group (flight level, control
group), and baseline sleep in the sleep lab as covariate. We defined awakenings as transition from a sleep stage (N1, N2,
N3, and REM) to wake during SPT. In order to approach normal distribution, SOL (ie, elapsed time until first occurrence
of N2) was log-transformed prior to analyses. Log-transformed EEG power spectra in non-REM (N2 and N3) and REM
sleep were analysed with factor group and corresponding data from the first four hours of baseline sleep in the sleep lab
as covariate. Alpha-inflation due to multiple comparisons was accounted for using the Benjamini Hochberg method.
Analyses of SpO2 and heart rate were performed on means per TST, SOL, and per sleep stage (wake, N1, N2, N3, and
REM sleep within the SPT) with factor group. N = 18 contributed to the analyses of SpO2 of the flight level group due to
data loss in the altitude chamber. We defined desaturation events as transitions from above to below 90% SpO2 and from
above to below 85% SpO2. These calculations were based on 1,440 10-s averages of 1-s SpO2 values (4 h = 14,400 s).
Consequently, a continuously alternating pattern between values above and below 90% SpO2 would have resulted in
a maximum number of 720 desaturation events.

Study 2: SpO2 and heart rate were each analysed with factor condition (ground level, flight level (study 1 data of the
subgroup), oxygen enrichment, recumbent wakefulness) using Tukey-Kramer correction for multiple comparisons.

Significance level was assumed at α < 0.05. If not otherwise mentioned values are given as mean ± standard
error (SE).

Results
Sleep Quantity and Quality
Study 1: Sleep quantity and quality were significantly impaired in the flight level group in the altitude chamber compared
to the control group in the sleep lab (Table 1). In the flight level group, TSTwas shorter by 11.1 min, sleep efficiency was
lower by 12.4%, and N1, N3, and REM were reduced by 4.3, 17.6, and 20.1 min, respectively, while N2 was increased by
31.1 min. Number of awakenings was higher and number of arousals lower in the flight level group compared to the
control group.

The flight level group showed an increase in EEG power density for frequencies >15 Hz in NREM sleep (Figure 2
upper panel). There were no significant differences in EEG spectra during REM sleep between the two groups (Figure 2
lower panel).
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Participants rated their sleep as less calm and on trend niveau as less deep in the flight level group compared to the
control group (Table 1). The recuperative value of sleep was rather low and sleepiness high, but ratings were not different
between groups.

Oxygen Saturation and Heart Rate
Study 1: SpO2 was lower (p < 0.0001) and heart rate was higher (p < 0.0003) in the experimental group at flight level
(88.1% ± 0.5%, 74.4 bpm ± 1.9 bpm) than in the control group in the sleep lab (96.0% ± 0.1%, 63.7 bpm ± 1.9 bpm)
during TST. At flight level, mean SpO2 levels were significantly lower than in the sleep lab in each sleep stage as well as
during the SOL, and – except for the latter – fell below the threshold defining hypoxia (ie, 90% SpO2, Figure 3, upper
panel). SpO2 was higher during SOL (90.4% ± 0.4%) than during stages N1-3, REM, and also higher than during
wakefulness within SPT (all p < 0.0001). Participants in the flight level group spent 74.5% ± 7.5% of TST below 90%
SpO2 and 5.3% ± 2.0% of TST below 85% SpO2 compared to 0.7% ± 0.4% of TST below 90% and 0.1% ± 0.1% below
85% of TST in the control group. Figure 3 (lower panel) details the corresponding values for the different sleep stages.
Oxygen desaturations were rather stable during the 4-h TIB as indicated by the low mean standard deviation of SpO2

(1.8% ± 0.2%) and the presence of relatively few distinct desaturation events (52.8 ± 11.1 events below 90% SpO2, 25.0

Figure 2 Relative sleep EEG power spectra comparing the in-flight group to the control group in the sleep lab (mean and standard error). Data are from two independent
groups recorded during 4-h sleep episodes (00:00 am - 04:00 am) in an altitude chamber at simulated flight level (ie, atmospheric pressure corresponding to 2438 m above
sea level; n=13; black triangles) and in the sleep lab (53 m; n=16, open circles). Power spectra of each individual were referenced to his/her first 4 h of baseline sleep in the
sleep lab (gray line at 100%) and then averaged within groups. Significant differences between groups are derived from one-way mixed ANOVAs with baseline EEG power
spectra in the sleep lab as covariates (Benjamini Hochberg adjusted) and are indicated with stars (*). The lowest frequency bin was not included in the analyses due to the
vulnerability to low frequency artifacts. Upper panel: EEG power spectra in NREM sleep (N2 + N3). Lower panel: EEG power spectra in REM sleep.
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± 8.8 events below 85% SpO2) in the flight level group. For each participant, the temporal distribution throughout the
night during which SpO2 dropped below 90% and below 85% is displayed in Figure S1.

Study 2: Sleeping at flight level was associated with a reduction in SpO2 below the 90%-hypoxia threshold. This
reduced SpO2 was lower than in the ground, the recumbent wakefulness, and the oxygen enrichment condition (Figure 4,
upper panel). During recumbent wakefulness mean SpO2 was reduced compared to ground level (p < 0.0001). At flight
level, participants spent 69.7% (± 8.3%) of SPT in a state of hypobaric hypoxia, and 6.2% (± 2.7%) even below 85%
SpO2. During recumbent wakefulness, they spent only 13.2% (± 3.0%) of time below 90% SpO2 and 0.6% (± 0.3%) of
time below 85% SpO2 (Figure 4, lower panel). Oxygen enrichment restored SpO2 to the levels measured at ground level
(p = 0.6).

Heart rate was highest during recumbent wakefulness (81.4 bpm ± 3.2 bpm) and therewith higher than at ground level
(67.6 bpm ± 2.5 bpm, p < 0.0001) and during oxygen enrichment (67.6 bpm ± 2.7 bpm, p < 0.0001), but not different
from the flight level condition during SPT (76.2 bpm ± 2.5 bpm, p = 0.1375). During SPT at flight level, heart rate was
elevated in comparison to ground level (p = 0.0048) and to the oxygen enrichment condition (p = 0.0106).

Discussion
During long-haul flights crews’ off-duty times are scheduled to allow for sleep and recovery, aiming at reducing the risk
of crew fatigue. However, evidence as to whether or not the on-board conditions permit good-quality sleep is still scarce.

Table 1 Impairment of Sleep Quantity and Quality During Simulated Inflight Sleep

Study 1 Control Group in Sleep Lab Experimental Group at Flight Level

Mean (SE) Mean (SE) p-value

Polysomnography

Total sleep time 215.3 (2.7 min) 204.2 (3.0 min) 0.0113

Sleep efficiency 85.7 (1.0%) 73.2 (1.2%) <0.0001

Sleep onset latency 19.9 (1.9 min) 21.6 (2.2 min) 0.3599

WASO 8.3 (2.7 min) 14.8 (3.1 min) 0.1291

N1 11.4 (1.0 min) 7.2 (1.1 min) 0.0075

N2 89.3 (3.4 min) 120.4 (3.9 min) <0.0001

N3 71.9 (3.6 min) 54.2 (4.0 min) 0.0022

REM 42.6 (2.8 min) 22.6 (3.2 min) <0.0001

Number awakenings 5.3 (0.6) 8.0 (0.6) 0.0025

Number arousals 20.0 (1.6) 14.8 (1.8) 0.0336

Self-Reports

Sleep depth 29.6 (5.4 mm) 45.4 (5.7 mm) 0.0530

Calmness of sleep 27.9 (6.0 mm) 49.5 (6.3 mm) 0.0182

Recuperation 61.9 (5.2 mm) 63.6 (5.5 mm) 0.8269

Sleepiness 6.0 (0.4 points) 5.9 (0.4 points) 0.9173

Notes: Sleep parameters (time in bed 00:00–04:00 h) and self-ratings are from two independent groups; control group data (n=22) from the sleep lab, experimental group
data (n=19) from sleep under hypobaric conditions in an altitude chamber corresponding to 2438 m above sea level. Mean values with standard error (SE) and p-values are
derived from one-way mixed ANOVAs with baseline sleep parameters in the sleep lab as covariates. Bold font indicates significant differences between groups. Self-reports:
100 mm visual analogue scales (lower values indicate deeper, calmer, and more recuperative sleep); sleepiness: Karolinska Sleepiness Scale (KSS).
Abbreviation: WASO, wake after sleep onset.
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In the present studies, sleep, blood oxygenation, and heart rate were compared between simulated in-flight conditions
(decreased atmospheric pressure, noise, confined space) and the typical conditions in the private bedroom of a sleep
laboratory. A sleep opportunity of four hours during the circadian night was chosen to match inflight sleep opportunities
realistically.23,24

Sleep quantity as well as sleep quality were reduced as indicated by a significant decrease in TST, in sleep efficiency,
deep sleep (N3) and REM sleep – the latter two considered as most important for recovery25 – and by a significant
increase in WASO, and light sleep (N2). Subjectively, sleep was perceived as less calm and less deep. Interestingly,
sleepiness in the next morning was high, but not higher than after sleeping in the sleep lab. The high degree of sleep
restriction seems to be the main contributing factor to the self-perceived sleepiness. In the present experiment, the sleep
structure alterations were accompanied by considerable blood oxygen desaturation and elevation in heart rate which were
both prevented by oxygen enrichment of the cabin air to a partial pressure that equalled ground level.

Figure 3 Comparison of blood oxygenation between the in-flight group and the control group (sleep lab). Data are from two independent groups recorded during 4-h sleep
episodes (00:00 am – 04:00 am) in an altitude chamber at simulated flight level (ie, atmospheric pressure corresponding to 2438 m above sea level; n=18) and in the sleep lab
(53 m; n=23). Upper panel: oxygen saturation during different sleep stages (mean and standard error). Lower panel: percentage of time (mean and standard error) that
participants spent in a hypoxic state (ie, below 90% of oxygen saturation).
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During sleep under flight conditions mean SpO2 was 88% and therewith even below the clinical hypoxia threshold of
90%, whereas it remained in the normal range26 in the ground condition. Under flight conditions participants’ SpO2

stayed for 75% of TST below 90%, and for 5% of TST below 85%. The 90% SpO2 threshold represents a hypoxia
definition that is used in many clinical guidelines.27 It has been shown that the mortality risk is increased in emergency
admissions when SpO2 ranges between 86% and 89% in comparison to 90% or higher28, and that postoperative patient
outcome is negatively affected by desaturations below that threshold.29 The 85% SpO2 is important as it corresponds to
the threshold below which supplemental on-board oxygen is required in diseased passengers.30,31 In severity, the
desaturation is comparable to that of obstructive sleep apnea (OSA) patients whose SpO2 has been reported to dip
below 87% during 10% of the sleep episode (minimum: 66%).26 Thus, pilots’ recurring exposure to sleep under flight

Figure 4 Blood oxygenation under the four conditions sleep at ground level, sleep at flight level, sleep under oxygen enrichment at flight level and recumbent wakefulness at
flight level. Upper panel: mixed model analysis of oxygen saturation (mean and standard error) comparing the four conditions. Significant differences to flight level are
displayed (Tukey-Kramer adjustment for multiple comparisons); *** p< 0.001. For clarity of presentation significant differences between recumbent wakefulness and sleep at
ground level (p< 0.0001), and recumbent wakefulness and sleep under oxygen enrichment (p< 0.0001) are not displayed. The hypoxia threshold of 90% oxygen saturation is
displayed as broken line. Simulated flight level corresponds to 2438 m above sea level. Lower panel: percentage of time (mean and standard error) that participants spent in
a hypoxic state (ie, below 90% of oxygen saturation) during different conditions. *** p<0.001.
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conditions might pose a health risk. SpO2 in response to moderate altitudes differs among studies. Outcomes were
between 89.6%32 and 93.8%33 at 2000 m, were approximately 90% at 2500 m,34–36 and 84% at 3000 m.13 Slight
differences in sample composition (sex, sample size), design (field, lab, physical exercise, acclimatization), and
methodology (actigraphy, PSG) might have contributed to the observed variability. In one of these studies15 on the
effects of sleeping at moderate heights (1630 m and 2590 m), the median nocturnal SpO2 was 96% at 490 m and dropped
to 90% in the first night at 2590 m, while values dipped below 90% during 36% of the time. The authors also reported
signs of acclimatization from the first to the second night at 2590 m as indicated by slightly higher SpO2 in the latter. The
study was conducted in a crossover design such that half of the participants had two nights at 1630 m before spending
two nights at 2590 m. Thus, acclimatization effects might explain the slightly higher SpO2 values in comparison to our
study. This comparison suggests that single overnight flights may pose a higher risk for travelers than a stay for a few
days in the mountains at the same altitude.

An increase in heart rate, both during sleep and recumbent wakefulness at flight level, indicates that the observed
oxygen desaturation posed stress on the cardiovascular system. An increase in heart rate together with an increase in
frequency and depth of breath reflect a known response mechanism in the presence of reduced oxygen partial pressure in
the atmosphere.

Similar changes in sleep structure have been reported previously for male pilots in-flight, however without informa-
tion about SpO2 or heart rate.6 While there are numerous studies reporting sleep fragmentation at altitudes above
3000 m,13,37–39 only few investigations have been concerned with lower altitudes. In the latter studies, small or no sleep
alterations have been observed.13,15,32,34,37 In the above-mentioned field study on sleep at moderate altitudes (2590 m and
1630 m) a decrease in EEG slow-wave activity in non-REM sleep was found32 as well as a decrease in slow-wave sleep
at 2590 m both in comparison to 490 m.26 In our study the decrease in slow-wave sleep duration was accompanied by
a slight, but non-significant, decrease in EEG power density for low frequencies. In addition, we found a marked increase
at frequencies >15 Hz in NREM but not in REM sleep. This observation seems unlikely to be an EMG artifact given that
Brunner and colleagues40 found typical EMG events to affect high EEG frequencies in both NREM and REM sleep.
Interestingly, Stadelmann and colleagues16 have reported an association between respiratory events such as central apnea
at moderate altitude and an increase of power in high frequencies in N2 sleep of healthy adults. Moreover, a large study
recently found that EEG beta power (15–20 Hz) increased with OSA severity.41 These findings together with the present
results imply that events such as respiratory disturbances or oxygen desaturations induce a cortically aroused state which
is reflected in the higher EEG frequencies.

Our results are at variance with the findings by Muhm and colleagues35 who examined male volunteers sleeping at
simulated 2438 m altitude in a crew-rest mock-up and did not observe differences in visually scored sleep structure
despite decreases in SpO2. Two factors might mainly account for the different study outcomes: in Muhm and colleagues’
investigations 1) participants were not adapted to the measuring equipment during the ground condition (“first-night
effect”), and 2) participants had quite low SpO2 during ground condition (92.3% ± 0.2%), in both cases minimizing
a potential difference between flight and ground condition in comparison to the present study. During recumbent
wakefulness under flight conditions, in our study, SpO2 was significantly reduced in comparison to ground level values
which confirms previous results from healthy adults acutely exposed to moderate altitude (2086 m).42 However, during
recumbent wakefulness SpO2 remained above the hypoxia threshold. Thus, we conclude that the presence of sleep is an
important exacerbating factor of hypoxemia which in turn may contribute to the in-flight sleep impairment. The latter is
in line with studies simulating 2000 m and 4500 m altitude in normobaric chambers showing sleep impairments due to
hypoxia.32,33,43 We found prolonged oxygen desaturation events per night without impact on number of arousals, but
a small increase in number of awakenings indicating a minor role of respiratory disturbances. In a field study conducted
at 4559 m altitude sleep fragmentation was attributed to the degree of hypoxemia rather than the periodic breathing.14

Our study presents PSG evidence in women and men that sleep quality and quantity under flight conditions might be
reduced for crew members due to decreases in SpO2. Although the current studies were designed with the typical
situation of long-haul air crews in mind, the results are important for passengers as well, in particular for those who are at
higher risk due to obesity, OSA, or chronic obstructive pulmonary disease (COPD).44
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Oxygen enrichment of the altitude chamber – despite the reduced atmospheric pressure – restored SpO2 and heart rate
to levels which were recorded in the sleep laboratory or in the ground condition. Therefore, oxygen enrichment of cabin
air seems an effective countermeasure for hypoxia and possibly for sleep impairment and other health risks in crew and
passengers. Moreover, it may represent an alternative to efforts by aircraft manufacturers to increase the cabin pressure of
airliners.

Limitations
Our investigations were restricted to the simulation of only one flight level in a pressure chamber, representing the
maximum cabin altitude allowed by international regulations (8000 feet). In-flight field experiments of different altitudes
would be valuable to understand the impact of flight conditions on sleep, SpO2 and recovery to an increased extent.

We provided a 4-h sleep opportunity during participants’ circadian nadir. Even stronger effects on sleep quantity and
quality are to be expected when in-flight sleep is scheduled at adverse circadian times (eg, late afternoon).

We investigated only healthy young participants. Stronger effects may be expected in risk groups, eg, patients with
OSA or COPD, and older people.

In our study, we intended to recreate an ecologically valid environment for sleep aboard an aircraft including the
confinement of space and the inflight noise. These factors, however, might have interacted with hypobaric hypoxia in
aggravating fashion such that the single contribution of hypoxia to the observed sleep disturbances remains to be
delineated.

Conclusions
We conclude that sleeping under flight-level conditions of 753 hPa pressure induces hypobaric hypoxia which in turn seems to
impair sleep. Hypoxia can be reversed with oxygen enrichment of cabin air. Concerning flight safety, recovery time on ground
may not be translated one to one into recovery time during flight. Hypobaric hypoxia is of concern in several respects: 1) Long-
term health effects for crews are unknown and a concern especially with regard to the cardiovascular system. 2) In cases of
emergency, off-duty crew will have to cope with after-effects of sleep inertia in addition to the effects of hypoxia. Ernsting45

stated that even in the wake state the mild degree of hypoxia induced by 2438 m altitude should be avoided because of its
impairing effects on learning and on efficient handling of novel and complex conditions which combine with faster buildup of
fatigue at cruising altitude. 3)With the rising age of travelers, whomay suffer frommultiple conditions, medical complications
on board are likely to increase. This might especially be of concern for travelers who are obese, have lung diseases or sleep
apnea,46 and – paradoxically – it might affect passengers traveling business class more than passengers in economy class given
that the former is more conducive to sleep.47
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