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High-altitude environments are characterized by a low
barometric pressure. Normal subjects ascending to high
altitude experience dyspnoea and tachycardia after mode-
rate efforts and complain of a poor quality of sleep, which
may also be demonstrated by electroencephalographic
(EEG) recordings [1, 2]. Soon after ascent, physiological
changes occur which counteract the negative effects res-
ulting from the decreased oxygen availability and limit the
decrease in arterial oxygen content. These changes include
increased ventilatory responsiveness to chemical stimuli,
hyperventilation and increased plasma bicarbonate urin-
ary excretion [3–6]. As a result, arterial hypoxaemia is
attenuated, but hypocapnia typically appears. Hypocapnic
hypoxia seems to be the main determinant of the appear-
ance of periodic breathing (PB) during sleep in the sub-
jects acutely exposed to high altitude [7].

The alterations in sleep quality and sleep breathing pat-
tern have been described in normal subjects at high alti-
tude up until a one-month stay [1, 2, 8–10]. In two papers
[1, 2] the changes in sleep structure and sleep breathing
pattern during a one-month stay at an altitude of 4,800 m
and 4,300 m, respectively, have been reported; in both,
some trend towards an increase in stages 3–4 nonrapid eye
movement (NREM) sleep and a decrease in PB have been
reported, but the changes in sleep architecture and in

breathing pattern were not correlated. PB could contribute
to the poor quality of sleep at high altitude and it is often
associated with arousals occurring during the hyperventila-
tory phase of its cycles [2, 11, 12]. Arousals also occurred
during the hyperpnoeic phase of Cheyne-Stokes breathing
in patients with congestive heart failure [13]. In these pati-
ents, the duration of Cheyne-Stokes respiration has been
found to be significantly correlated with a poor sleep struc-
ture and a short sleep time [14]. This study sought to
ascertain whether a similar correlation could exist in nor-
mal subjects at high altitude.

While probably disturbing sleep, PB could be of some
advantage to gas exchanges during sleep at high altitude.
In this condition, owing to the highly hypoxic environment,
arterial oxygen saturation (Sa,O2) is low and decreases fur-
ther during sleep [8, 10, 11, 15]. Therefore, adaptation
mechanisms are required to improve it. It has been pro-
posed that PB, despite determining large swings in Sa,O2,
could sustain Sa,O2 at an average level higher than that
resulting from stable breathing [15]; however, this hypoth-
esis has not been demonstrated.

The purposes of this study were to investigate whether
PB is correlated with alterations in sleep structure at high
altitude and whether it determines an increase in arterial
oxygenation during sleep.
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ABSTRACT: This study aimed to investigate the effect of periodic breathing (PB) at
high altitude on sleep structure and arterial oxygen saturation (Sa,O2).

Five healthy subjects underwent polysomnographic studies at sea level, and during
the first and the fourth week of sojourn at 5,050 m. Their breathing pattern, sleep
architecture and Sa,O2 were analysed.

PB was detected in the high-altitude studies during nonrapid eye movement
(NREM) sleep and tended to increase from the first to the fourth week. Stages 3–4
were absent in four subjects at the first week, but only in one at the fourth week, irre-
spective of the amount of PB. The arousal index was 11.6±3.8 at sea level, 30.1±15.5 at
the first week at altitude and 33.0±18.2 at the fourth week. At altitude, arousal index
in NREM sleep was higher during PB than during regular breathing. In NREM sleep,
the mean highest Sa,O2 levels in NREM epochs with PB were higher than in those with
regular breathing by 2.8±1.7% at the first week and 2.9±1.5% at the fourth week
(p<0.025). From the first to the fourth week, mean Sa,O2 increased significantly during
wakefulness (5.6%), NREM (5.2% with regular breathing and 5.3% with PB) and
rapid eye movement sleep (7.6%).

The data demonstrate a slight role of periodic breathing in altering sleep architec-
ture at high altitude and also show that periodic breathing induces only a minor im-
provement in arterial oxygen saturation during nonrapid eye movement sleep.
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Methods

Polysomnographic studies were performed in five heal-
thy Caucasian adults (three males and two females) aged
28–34 yrs (height 171.2±11.3 cm, weight 65.6±18.0
kg (mean±SD)). They had no known medical problems and
were instructed not to ingest alcohol or caffeine on the
dates of the studies. They were given no specific training
and had been instructed not to go above 2,000 m during
the 6 months preceding the expedition. All subjects gave
informed consent and the protocol was approved by the
local scientific committee on human research.

A baseline polysomnographic study at sea level 1 mon-
th before an expedition to the Himalayas was performed
in all subjects. This was preceded by an adaptation polys-
omnography to make the subjects confident with the in-
strumentation.

Five days after arrival at Kathmandu (Nepal), a Hima-
layan village at 2,800 m (Lukla) was reached by aeroplane.
Trekking started 2 h after landing; it never exceeded 5
h·day-1 and included a rest day at 3,400 m. The village of
Lobuche, at the altitude of 5,050 m (410 mmHg), was
reached after 6 days of trekking. Sojourn at this altitude
lasted for 4 weeks. No subject climbed to a higher altitude
during this period. The studies were performed in the Py-
ramid, a heated and well-equipped laboratory. No one ex-
hibited any symptom of acute mountain sickness, except
for subject number 4 who showed oedema of the face and
extremities, which disappeared spontaneously within a
few days. No polyglobulia was detected in any subject. No
subject used medications known to modify ventilatory
control (e.g. acetazolamide).

Polysomnographic studies were performed during the
first and fourth week of sojourn. The following parame-
ters were continuously monitored: C3A2, C4A1, O1A2
and O2A1 electroencephalograms, right and left electro-
oculograms and chin electromyogram, using an Oxford
tape recorder (Medilog 9000, Oxford Instruments, Largo,
FL, USA), Sa,O2 by pulse oximetry (Ohmeda Biox 3740,
Louisville, CO, USA), inspired and expired airflow by
nasal prongs connected with a pressure transducer
(Hewlett-Pac-kard (HP) 47304A, Palo Alto, CA, USA) and
abdomen and ribcage movements by inductive plethys-
mography (Respitrace Corp., Ardsley, NY, USA). The sig-
nals were recorded on an eight-channel (HP3968A) and a
four-channel (HP3964A) magnetic tape recorder. Airflow
was re-corded on both tape recorders to synchronize all
signals. The signals were transferred onto paper after
descent to sea level.

Sleep was staged according to standard rules [16]. Aro-
usals were scored visually according to the indications of
the American Sleep Disorders Association (ASDA) [17]
but the minimum duration required to identify arousals
was considered as 1 s. Arousal index was computed as the
number of arousals·h-1 of sleep time.

Ribcage, abdomen and airflow signals were visually
analysed to distinguish epochs with and without PB. Since
airflow was detected only through the nose, PB was de-
fined as a cyclic increase in the amplitude of thoraco-
abdominal movements, followed by respiratory pauses or
hypopnoeas. Hypopnoeas were considered as reductions
in the thoracoabdominal movements to at least 50% of the
maximum amplitude during the preceding hyperpnoeic
phase of the PB cycle.

The Sa,O2 signal was digitized at a sampling rate of 100
Hz and stored in a Digital VAX 8200 (Digital Equipment
Corp., Haynard, MA, USA). Then, a computerized analy-
sis of Sa,O2 was performed. In each epoch of the polyso-
mnographic study, the lowest, the highest and the mean
Sa,O2 values were measured. Mean values of lowest Sa,O2,
highest Sa,O2 and mean Sa,O2 were calculated separately
for NREM sleep with PB, NREM sleep with regular brea-
thing and rapid eye movement (REM) sleep.

One-way analysis of variance, followed by pairwise
comparisons by Scheffé's test, was applied to assess dif-
ferences among data obtained at sea level and the first and
fourth week at high altitude. A two-tailed Student's paired
t-test was applied for comparisons between Sa,O2 data ob-
tained during regular breathing versus PB or at the first
versus the fourth week at high altitude. Linear regression
analysis was used to correlate Sa,O2 values during wakeful-
ness and sleep. Significance was defined as p<0.05. Val-
ues are reported as means±SD.

Results

In all high-altitude studies, during NREM sleep stages,
both regular breathing and PB were observed. During
REM sleep, the breathing pattern was nonperiodic and
was characterized by a highly variable respiratory rate and
amplitude of respiratory movements. Since PB was obser-
ved only in NREM sleep, it was normalized for NREM
sleep duration and expressed as a percentage of NREM
sleep time spent breathing periodically (%PB). PB was
represented to a variable extent among subjects and show-
ed some increase in all of them at the fourth compared
with the first week at high altitude (fig. 1). In the PB
cycles, the differences in duration between either respira-
tory pause or ventilatory phase from the first to the fourth
week at high-altitude were not significant (respiratory
pause duration 10.2±1.4 s during the first week and 12.0±
1.5 s during the fourth week; ventilatory phase duration
9.3±1.6 s and 9.2±1.2 s, respectively).

Total sleep time (TST) did not differ significantly bet-
ween sea level (352.2±38.5 min), the first week (359.6
±51.4 min) or the fourth week of high-altitude sojourn
(407.8±31.8 min). Durations of sleep stages, as recorded
in each subject at sea level, at the first and the fourth week
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Fig. 1.  –  Percentage of nonrapid eye movement sleep time spent
breathing periodically (PB) during the first (        ) and fourth (        )
week of sojourn at high altitude.
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of high-altitude sojourn are reported in figure 2. Stages 3–
4, as percentage of TST, were significantly more repre-
sented at sea level than at both the first and fourth week of
high-altitude sojourn (p<0.05). A decrease in stages 3–4 at
high altitude sea level was also observed in the subjects
with the smallest amount of PB (subjects 4 and 5), espe-
cially at the first week of high-altitude sojourn. Stages 3–4
showed a trend towards an increase from the first to the
fourth week of high-altitude sojourn, since they were
absent in four subjects in the first-week high-altitude
study, while they were missing in the fourth-week study
only in one subject.

The arousal index was lower at sea level (11.6±3.8)
than at altitude (30.1±15.5 and 33±18.2 at the first and the
fourth week, respectively; p<0.05 between sea level and
fourth week at altitude). When the analysis was restricted
to NREM sleep recorded in the high-altitude studies (table
1), it was higher during PB than during regular breathing:
the difference was significant at the first week at high-alti-
tude (p<0.05). At the first week of high altitude sojourn,
arousals occurred in 25.3% (range 9.2–45.6) of PB cycles
versus 24.6% (range 12.0–34.9) at the fourth week; these
arousals occurred during the hyperventilatory phase of PB
cycles.

Values of lowest and highest Sa,O2 during regular brea-
thing and PB are shown in figure 3. Both at the first and at
the fourth week at high altitude, the lowest Sa,O2 in NREM
sleep did not differ between PB and regular breathing;
conversely, the highest Sa,O2 levels were higher during PB,
by 2.8±1.7% and 2.9±1.5% at the first and fourth week,
respectively (p<0.025). Sa,O2 improved at the fourth week

in all sleep states and the improvement was independent
of the ventilatory pattern (fig. 4). From the first to fourth
week, the increase in mean Sa,O2 during wakefulness was
as an average of 5.9±3.7% (p<0.025); during NREM sleep
with PB it was 5.3±4% (p<0.05); during NREM sleep
with regular breathing 5.2±3.6% (p<0.05); and during
REM sleep 7.6±5.1% (p<0.05). Mean Sa,O2 in both
NREM (with either PB or regular breathing) and REM
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Fig. 2.  –  Percentage of total sleep time
(TST) spent in each sleep stage at sea level
(SL;       ), at the first (HA1;       ) and fourth
(HA4;       ) week of sojourn at high altitude.
a) subject 1: SL TST=333 min; HA1 TST=
366 min; HA4 TST=422 min; b) subject 2:
SL TST=322 min; HA1 TST=418 min; HA4
TST=380 min; c) subject 3: SL TST=419 min;
HA1 TST=277 min; HA4 TST: 444 min; d)
subject 4: SL TST=347 min; HA1 TST= 377
min; HA4 TST=369 min; e) subject 5: SL
TST=340 min; HA1 TST=360 min; HA4
TST=424 min. REM: rapid eye movement.

Table 1.  –  Arousal index for each subject at different
times

Arousal index
Subject Time TST NREM RB NREM PB

1

2

3

4

5

SL
HA1
HA4
SL
HA1
HA4
SL
HA1
HA4
SL
HA1
HA4
SL
HA1
HA4

9.2
25.8
19.2

8.6
37.3
54.9
15.3
53.2
50.6
16.3
20.1
22.5

8.8
14.1
17.7

15.6
20.2

28.2
9.8

26.5
16.7

18.0
14.3

12.4
19.2

51.1
21.0

50.6
66.9

70.3
69.4

98.0
77.1

17.2
19.3

For each subject, arousal index is given at sea level (SL) in the
total sleep time (TST) and at the first (HA1) and the fourth
(HA4) week of sojourn at 5,050 m, in the TST and in nonrapid
eye movement (NREM) sleep separately for epochs with regular
breathing (RB) and with periodic breathing (PB).



PERIODIC BREATHING DURING SLEEP AT 5,050 M 411

sleep was linearly correlated with Sa,O2 during nocturnal
wakefulness (fig. 5). As shown in the figure, one subject
had a very low Sa,O2 during nocturnal wakefulness at the
first week at altitude. This subject (number 4) was the

only one who experienced oedema of the face and extrem-
ities on arrival at high altitude and showed a very low
responsiveness to hypoxia, as reported in a previous study
[4].
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Fig. 3.  –  Values of lowest arterial oxygen saturation (Sa,O2 low) and highest Sa,O2 (Sa,O2 high) during nonrapid eye movement sleep with regular (RB)
and periodic breathing (PB) at the first (a, b) and at the fourth (c, d) week of sojourn at high altitude. ●: subject 1: ❏: subject 2; ▲: subject 3; ❍: subject
4; ■: subject 5.
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Discussion

This study was aimed at assessing the correlates of PB
during sleep at high altitude with Sa,O2 and sleep structure,
resulting from a three-step evaluation of five subjects as-
cending to high altitude and staying there for 1 month.

The main findings were: 1) stages 3–4 NREM sleep
tended to disappear at high altitude, particularly after acute
exposure, even in the subjects who showed small amounts
of PB; 2) PB was associated with an increased sleep frag-
mentation by arousals; 3) PB was associated only with a
small increase in Sa,O2 with respect to regular breathing;
and 4) Sa,O2 increased markedly during sojourn at high
altitude during both wakefulness and sleep, independently
of the breathing pattern.

Although other studies have investigated the effect of
sojourn at high altitude on sleep and breathing pattern,
this is the first paper in which their simultaneous changes
have been evaluated in order to investigate the possible
interaction between breathing pattern and sleep structure.
In previous papers a trend towards an increase in stages 3–
4 NREM sleep after 4 weeks at altitude was observed,
together with some decrease in PB [1, 2]. PB was also
demonstrated until a three to five week stay at high alti-
tude [1, 2, 9, 10]. In one of these studies a variable change
in PB duration from arrival at high-altitude to the end of
the sojourn was described [2], while in another one a trend
towards a decrease was found [1]. Since arousals are often
recorded during the hyperventilatory phase of PB cycles
[1, 2, 12, 14], it could have been hypothesized that the sta-
bilization in breathing pattern was associated with a
decrease in arousal frequency, which allowed sleep to be-
come more stable and deeper.

The occurrence of arousals was first investigated at sea
level, when no PB occurred. EEG arousals are important
markers of sleep disruption. Arousals are variably defined
in the literature. In many studies they are identified based
on the indications given by the ASDA [17]. Other authors
prefer to analyse less evident EEG modifications [18–21].
In this study a similar definition was used to those given
by MATHUR and DOUGLAS [19] and by REES et al. [20], because
it allows the visual identification of a high num-ber of
sleep disturbances. Compared with the results re-ported
by MATHUR and DOUGLAS [19], the present subjects showed a
lower arousal rate during their sleep at sea level. This dif-
ference could be explained considering that these subjects
spent an adaptation night in the sleep laboratory before
their polysomnography at sea level, while those studied by
MATHUR and DOUGLAS [19] did not. In any case, the arousal
rate found here was in the range described in their study.
At high-altitude, the arousal index did not increase signif-
icantly with respect to sea level when calculated on the
TST; however, as pointed out in previous studies [7, 11,
12], many PB cycles were not associated with arousals,
the arousal index was significantly higher during PB than
during regular breathing.

This does not allow us to attribute to PB the main
responsibility for the lighter sleep structure at altitude than
at sea level. The subjects showed a variable amount of PB
at altitude, and a clear trend towards an increase in PB
from the first to the fourth week. There was a drastic de-
crease in stages 3–4 NREM sleep with ascent to high-alti-
tude even in those subjects who exhibited a very small
amount of PB. With a stay at high-altitude, an increase in

stages 3–4 NREM sleep occurred, even though PB did not
decrease. These data suggest that the occurrence of PB is
not a major determinant of the poor representation of sta-
ges 3–4 NREM sleep at high altitude.

In addition to the arousals detected in this study, more
subtle modifications in EEG could have occurred, which
could be better demonstrated by computerized analysis
and could have shown further sleep disruption induced by
the PB. If such modifications actually occurred, that would
have not modified the conclusion that the decrease in
stages 3–4 at altitude cannot depend entirely on the sleep
disruption induced by PB.

The data show that during the first month of exposure to
high altitude the process of adaptation to the environment
was characterized by a marked increase in Sa,O2 values
during wakefulness and sleep. This improvement occurred
in all sleep states and with every breathing pattern. At
both the first and fourth week of sojourn at high altitude,
Sa,O2 in every sleep state was correlated with nocturnal
Sa,O2 during wakefulness. Therefore, the mechanisms which
lead to an increase in awake Sa,O2 (particularly the incre-
ase in responsiveness to chemical stimuli) [3–5] may also
importantly influence Sa,O2 values during sleep, irrespec-
tive of both sleep state and the occurrence of PB. In the
context of the physiological modifications in the ventila-
tory function appearing at high altitude, PB was associ-
ated with a statistically significant increase in the high, but
not in the low Sa,O2 values in the NREM epochs. However,
the increase was, on average, small, so that its physiologi-
cal importance was negligible.

In conclusion, periodic breathing during nonrapid eye
movement sleep at high altitude is associated with an in-
crease in the arousal rate, thus possibly contributing to the
subjective feeling of unrefreshing sleep experienced by
subjects sleeping in that environment. However, sleep stru-
cture, as represented by the distribution of sleep stages,
worsens at altitude irrespective of the amount of periodic
breathing. Periodic breathing determines some improve-
ment in arterial oxygen saturation but, in this respect, it is
only of minor importance, while other mechanisms are
able to sustain arterial oxygen saturation at higher levels
in any state of vigilance.
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