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BACKGROUND: Chronic mountain sickness (CMS) is often associated with vascular
dysfunction, but the underlying mechanism is unknown. Sleep-disordered breathing (SDB)
frequently occurs at high altitude. At low altitude, SDB causes vascular dysfunction. More-
over, in SDB, transient elevations of right-sided cardiac pressure may cause right-to-left
shunting in the presence of a patent foramen ovale (PFO) and, in turn, further aggravate
hypoxemia and pulmonary hypertension. We speculated that SDB and nocturnal hypoxemia
are more pronounced in patients with CMS compared with healthy high-altitude dwellers,
and are related to vascular dysfunction.

METHODS: We performed overnight sleep recordings, and measured systemic and pulmonary
artery pressure in 23 patients with CMS (mean � SD age, 52.8 � 9.8 y) and 12 healthy
control subjects (47.8 � 7.8 y) at 3,600 m. In a subgroup of 15 subjects with SDB, we assessed
the presence of a PFO with transesophageal echocardiography.

RESULTS: The major new findings were that in patients with CMS, (1) SDB and nocturnal
hypoxemia was more severe (P < .01) than in control subjects (apnea-hypopnea index [AHI],
38.9 � 25.5 vs 14.3 � 7.8 number of events per hour [nb/h]; arterial oxygen saturation,
80.2% � 3.6% vs 86.8% � 1.7%, CMS vs control group), and (2) AHI was directly correlated
with systemic blood pressure (r ¼ 0.5216; P ¼ .001) and pulmonary artery pressure
(r ¼ 0.4497; P ¼ .024). PFO was associated with more severe SDB (AHI, 48.8 � 24.7 vs 14.8
� 7.3 nb/h; P ¼ .013, PFO vs no PFO) and hypoxemia.

CONCLUSIONS: SDB and nocturnal hypoxemia are more severe in patients with CMS than in
control subjects and are associated with systemic and pulmonary vascular dysfunction. The
presence of a PFO appeared to further aggravate SDB. Closure of the PFO may improve SDB,
hypoxemia, and vascular dysfunction in patients with CMS.
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Chronic mountain sickness (CMS) is a major public
health problem affecting several millions of people.1-4

It is characterized by exaggerated erythrocytosis and
hypoxemia5 and is often associated with increased
pulmonary artery pressure and systemic vascular
dysfunction,6-8 but the underlying mechanisms causing
these alterations are incompletely understood. Sleep-
disordered breathing (SDB), ie, an oscillatory pattern
of waxing and waning ventilation with periods of
hyperventilation with central apneas or hypopneas,
frequently occurs during acclimatization at high altitude
and is associated with exaggerated hypoxemia.9,10 There is
abundant evidence that at low altitude, SDB (ie, obstructive
and central sleep apnea) is associated with increased
sympathetic nerve activity11-14 and oxidative stress,15-17

two factors that may contribute to arterial hypertension
and pulmonary and systemic vascular dysfunction in these
patients.3,7,8,18,19 Surprisingly, information on SDB in
healthy high-altitude dwellers and patients with CMS is
sparse and conflicting,20-22 and there is no information on
the relationship between SDB and pulmonary and systemic
arterial pressure and vascular function.

We speculated that SDB and nocturnal hypoxemia are
more pronounced in patients with CMS than in healthy
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high-altitude dwellers and that a relationship between
the severity of this problem and vascular dysfunction
exists. To test this hypothesis we performed overnight
sleep recordings, assessed systemic vascular function,
and measured systemic and pulmonary artery pressure
in patients with CMS and healthy high-altitude dwellers
at 3,600 m.

Patients with SDB exhibit transient elevations of right-
sided cardiac pressure that in the presence of a patent
foramen ovale (PFO) may result in right-to-left
shunting and, in turn, further aggravate hypoxemia
and pulmonary hypertension.23,24 To test for this
possibility, we evaluated the presence or absence of
a PFO by transesophageal echocardiography in a
subgroup of participants. Finally, added dead space
through a nonvented mask has been used successfully
to improve respiration in patients with Cheyne-Stokes
breathing and idiopathic central apnea, which share
some common pathophysiological features with
altitude-induced SDB.25,26 In line with this concept,
increasing respiratory dead space improved altitude-
induced SDB in healthy mountaineers.27 Therefore,
we tested the effects of added dead space on SDB in
patients with CMS.
Materials and Methods
Between August 2008 and August 2010, 23 male patients with CMS
(mean � SD age, 52.8 � 9.8 y) and 12 healthy high-altitude dwellers
(47.8 � 7.8 y) without traditional pulmonary and cardiovascular risk
factors (smoking, arterial hypertension, hypercholesterolemia, or
diabetes) or a family history of premature cardiovascular events,
hypertension, or diabetes, who were born at and had been
permanently living at high altitude (3,600-4,000 m), were included in
the study. Inclusion criteria for patients with CMS were excessive
erythrocytosis (hemoglobin concentration > 21 g/dL) in the presence
of a normal pulmonary function study and no history of working
in the mining industry. All participants had a typical Aymara
surname, self-identified themselves as Aymaras, and had a similar
socioeconomic background. Exclusion criteria were smoking, office
blood pressure > 145/95 mm Hg, drug treatment, acute infection,
cardiopulmonary or neurologic disease, and traveling to low altitude
in the preceding 6 months. The experimental protocol was approved
by the institutional review boards on human investigation of the
Universities of San Andres, La Paz, Bolivia, and Lausanne,
Switzerland (Commission d’Ethique de la recherche clinique,
approval #203/09), and registered (Clinical Trials Gov Registration:
NCT01182792). All participants provided written informed consent.
All studies were performed at the Instituto Boliviano de Biologia de
Altura (3,600 m).

A complete clinical examination was performed, and the CMS score
was determined on the basis of the following signs and symptoms:
breathlessness or palpitations, sleep disturbance, cyanosis, dilation of
veins, paresthesia, headache, tinnitus. A score between 0 and 3 was
attributed for each item, with 0 indicating the absence of the
symptom, 1 mild, 2 moderate, and 3 severe symptoms. A score > 5
indicates CMS.7
Sleep Studies

Overnight sleep recordings were performed in individual rooms using
portable Titanium acquisition systems (Embla Systems). Two
electrooculogram electrodes (one to each outer cantus) and a standard
polysomnography montage including occipital (O1,O2) as well as
central electrodes (C3 C4) were applied to the scalp using the
International 10-20 System,28 and two surface electromyogram
electrodes were placed over submental muscles. Electroencephalogram
and electrooculogram electrodes were referenced to the linked earlobes
(A1 þ A2). Chest and abdominal movements, nasal air pressure (to
assess nasal airflow), and body position were recorded simultaneously.
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Oxyhemoglobin saturation was recorded using a Nonin pulse oximeter
(Nonin Medical, Inc). Each patient with CMS had two night
recordings in random order, one spent without and the other with
added dead space. Added respiratory dead space was applied during
sleep using a full-face nonvented mask with an open bottle made of
polyethylene terephthalate connected to the mask outlet. The total
volume of the dead space (mask þ bottle) was 500 mL.27 A coin toss
determined whether dead space would be applied during the first or
second night. Control subjects had only one night of sleep recordings
without added dead space. As a result of technical problems,
recordings could not obtained in one control subject.

Data were visually analyzed using Somnologica software version 5.1
(Embla Systems). An experienced investigator (D.A.) performed the
electroencephalogram analysis for the whole night. Sleep stages and
micro arousal (an abrupt shift in electroencephalogram frequency,
including a theta-alpha pattern or a frequency higher than 16 Hz
[but not spindles], lasting $ 3 s with $ 10 s of stable sleep preceding
the change) were scored according to the American Academy of
Sleep Medicine 2007 recommendations.29 Sleep efficiency was
calculated as the ratio between total sleep time and total recording
time (ie, between lights off and lights on). Apnea was defined
as $90% reduction in airflow signal amplitude for $10 seconds.
Hypopnea was defined as $50% reduction in airflow signal amplitude
for >10 seconds associated with $3% oxygen desaturation or arousal
(American Academy of Sleep Medicine 2007 alternative criteria).30

The apnea-hypopnea index (AHI) was calculated as the mean number
of events per hour (nb/h) of night recording. The oxygen desaturation
index (ODI) was defined as the number of desaturations (defined by
an oxygen saturation fall of $3%) per hour (nb/h) of sleep.

Right Ventricular to Right Atrial Pressure Gradient
Measurement

Right ventricular to right atrial pressure gradient was measured as
described previously, using a portable, fully equipped
echocardiography unit (Vivid I, General Electric Healthcare Clinical
System) with a cardiac probe (2.5 to 3.5 MHz).6,31-33 Noninvasive
estimation of pulmonary artery pressure has been validated against
invasive measurements at high altitude.31 Recordings were stored on
DVD for offline analysis by two operators (S. F. R., Y. A.) who were
blinded to the subject’s group assignment. Reported values represent
journal.publications.chestnet.org
the mean of at least three measurements. In two patients with CMS
and one control subject, tricuspid regurgitation could not be detected
and pulmonary artery pressure could not be estimated. For technical
reasons, echocardiography could not be performed in three patients
with CMS and three control subjects.

Transesophageal Echocardiography

To evaluate the presence of a PFO, in 11 patients with CMS and 4
control subjects, transesophageal echocardiography was performed as
previously described,24 in combination with injection of
echocardiographic contrast medium.34,35 The diagnosis of PFO
required the crossing of bubbles from the right to the left atrium
within four heart beats after the release of the strain.

Assessment of Systemic Vascular Function

Studies to assess brachial artery endothelial function and arterial
stiffness were performed after 15 minutes of rest in the supine
position in a temperature-controlled room (22�C) as previously
described.7 Systemic conduit artery endothelial function was assessed
by determining the increase of the brachial artery diameter evoked
by reactive hyperemia using high-resolution ultrasound and
automatic wall tracking software.36,37 Flow-mediated dilation was
expressed as the maximal percentage change in vessel diameter from
baseline. Assessment of arterial stiffness was performed according to
international guidelines38 by measuring carotid-femoral pulse wave
velocity using the Complior device (Alam Medical).38,39

Statistical Analysis

Using the GraphPad Prism 5 software package (GraphPad Software Inc),
we made group comparisons of continuous variables with unpaired and
paired 2-tailed t tests. Relations between variables were analyzed by
calculating the Pearson product-moment correlation coefficient.

Power calculation on the basis of our previous data on the effects of
added dead space on SDB at this altitude27 revealed that with a
difference of 5 � 5 events/h in AHI between sleep with and without
added dead space (power > 0.90; a ¼ .05), 13 subjects were needed.

A value of P < .05 was considered to indicate statistical significance.
Unless otherwise indicated, data are given as mean � SD.
Results
The characteristics of the study participants are
presented in Table 1. By definition, CMS score,
hemoglobin, and hematocrit were markedly higher in
patients with CMS compared with healthy high-altitude
dwellers. BMI was higher in patients with CMS (29.5 �
3.0 kg/m2 vs 26.6 � 3.1 kg/m2; P ¼ .02, CMS vs control
group). Lung function and systemic blood pressure were
normal and comparable in the two groups.

Sleep-Disordered Breathing and Nocturnal
Hypoxemia

Figure 1 shows that SDB and nocturnal hypoxemia were
more severe in patients with CMS than in healthy high-
altitude dwellers, as evidenced by a more than 2-fold
higher AHI (38.9 � 25.5 nb/h vs 14.3 � 7.8 nb/h;
P ¼ .006, CMS vs control group) (Fig 1A) and ODI
(38.6 � 23.6 nb/h vs 17.3 � 9.4 nb/h; P ¼ .01, CMS
vs control group) (Fig 1B) These respiratory alterations
during sleep in patients with CMS were reflected by a
significantly lower nocturnal oxygen saturation (80.2%�
3.6% vs 86.8% � 1.7%; P < .001, CMS vs control group)
(Fig 1C) than in healthy control subjects.

Figure 2 shows the inverse relationship that existed
between AHI and nocturnal arterial oxygen saturation
(SaO2) (r ¼ �0.7522; P < .0001) (Fig 2A). AHI was
directly correlated with hemoglobin (r ¼ 0.5175; P ¼
.002) (Fig 2B), whereas nocturnal SaO2 was inversely
related to this variable (r ¼ �0.7305; P < .001).

Vascular Function

As expected,8,19 estimated pulmonary artery pressure
was higher (26.3 � 6.5 mm Hg vs 20.9 � 3.1 mm Hg;
P ¼ .008, CMS vs control group), and systemic
vascular function was altered in patients with CMS, as
993
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TABLE 1 ] Subject Characteristics

Characteristic CMS (n ¼ 23) Control (n ¼ 12) P Value

Age, y 52.8 � 9.8 47.8 � 7.8 .11

CMS score 7.7 � 2.9 1.3 � 1.9 <.001

BMI, kg/m2 29.5 � 3.0 26.6 � 3.1 .02

Nocturnal SaO2, % 80.2 � 3.6 86.8 � 1.7 <.001

Hemoglobin, g/dL 21.7 � 1.3 16.9 � 0.7 <.001

Hematocrit, % 66.9 � 5.1 49.8 � 3.6 <.001

FEV1/FVC 77.6 � 4.7 78.8 � 10.3 .81

Heart rate, beats/min 69.4 � 10.0 65.8 � 7.7 .26

SBP, mm Hg 125.0 � 9.7 121.3 � 9.1 .28

DBP, mm Hg 81.7 � 9.1 79.3 � 8.1 .42

Data are presented as mean � SD. CMS ¼ chronic mountain sickness; DBP ¼ diastolic blood pressure; SaO2 ¼ arterial oxygen saturation; SBP ¼ systolic
blood pressure.
evidenced by impaired flow-mediated dilation (4.2% �
1.1% vs 6.5% � 2.7%; P ¼ .026, CMS vs control group)
and increased pulse wave velocity (10.1 � 1.8 m/s vs 7.7
� 1.3 m/s; P ¼ .003, CMS vs control group) compared
with healthy high-altitude dwellers.

Relationship Between Vascular Function and Sleep-
Disordered Breathing

AHI was directly correlated with systolic (r ¼ 0.5216;
P ¼ .001) (Fig 2C) and diastolic (r ¼ 0.3879; P ¼ .02)
(Fig 2D) blood pressure, and the right ventricular to
right atrial pressure gradient (r ¼ 0.4497; P ¼ .024)
(Fig 2E). Accordingly, an inverse relationship existed
between nocturnal SaO2 and systolic (r ¼ �0.5373;
P ¼ .002) and diastolic (r ¼ �0.4339; P ¼ .015) blood
pressure and the right-ventricular-to-right-atrial
pressure gradient (r ¼ �0.5532; P ¼ .005).

Patent Foramen Ovale, Sleep-Disordered
Breathing, and Nocturnal Hypoxemia

PFO was present in 6 of 11 patients with CMS and
in 2 of 4 control subjects. Its presence was associated
with more severe SDB, as shown by an increased AHI
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(48.8 � 24.7 nb/h vs 14.8 � 7.3 nb/h; P ¼ .013, PFO
vs no PFO) (Fig 3A), and more severe nocturnal
hypoxemia, as evidenced by a higher ODI (65.2 � 25.5
nb/h vs 25.7 � 22.7 nb/h; P ¼ .017, PFO vs no PFO)
(Fig 3B), a lower nadir nocturnal SaO2 (66.9% �
9.0% vs 76.0% � 5.7%; P ¼ .047, PFO vs no PFO)
(Fig 3C), and a trend for lower nocturnal SaO2 (80.7% �
4.7% vs 83.9% � 3.2%; P ¼ .18, PFO vs no PFO) in
comparison with high-altitude dwellers without PFO.
Finally, as expected,24 its presence was associated with
an increased right ventricular to right atrial pressure
gradient (28.5 � 5.4 mm Hg vs 19.6 � 4.6 mm Hg;
P ¼ .014, PFO vs no PFO).

Effects of Added Dead Space on Sleep-Disordered
Breathing

Added dead space improved SDB in patients with CMS,
as evidenced by a >30% decrease of AHI (from 38.9 �
25.5 nb/h to 24.4 � 20.3 nb/h; P < .001) (Fig 4A)
and ODI (from 38.6% � 23.6% to 24.9% � 19.4 nb/h;
P < .001) (Fig 4B). This improvement of SDB was
reflected by significantly less severe nocturnal oxygen
desaturation (81.4% � 2.5% vs 80.2% � 3.6%; P ¼ .015)
CMS
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(Fig 4C). Added dead space did not alter sleep quality, as
evidenced by comparable micro arousal index (21.3 �
17.1 nb/h vs 21.1 � 16.0 nb/h; P ¼ .95, baseline vs dead
space) and sleep efficiency (88.0% � 9.4% vs 83.9% �
5.5%; P ¼ .14, baseline vs dead space).

Discussion
CMS, a major health problem affecting several million
people worldwide, is associated with vascular
dysfunction,7,18 but the underlying mechanism is
incompletely understood. High altitude alters nocturnal
breathing, and at low altitude, altered nocturnal
respiration is associated with altered vascular function.
We found that patients with CMS display more severe
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SDB and nocturnal oxygen desaturation compared with
healthy high-altitude dwellers. These alterations of
nocturnal breathing and oxygenation were associated
with vascular dysfunction and increased pulmonary
artery pressure. Collectively, these findings suggest that
SDB may contribute to altered cardiovascular function
in patients with CMS and in high-altitude dwellers.

SDB with central apnea or hypopnea frequently occurs
during acute high-altitude exposure,40,41 and its severity
depends on absolute altitude9 and the individual’s
predisposition.27 In the present study, SDB was less
severe in healthy, well-adapted high-altitude dwellers
compared with a previous study in healthy lowlanders
who were acutely exposed to a similar altitude,27,42
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suggesting that in healthy high-altitude dwellers genetic
or acquired adaptation results in improved regulation of
ventilation during sleep.41 Most importantly, such
adaptation appears to be lacking in maladapted high-
altitude dwellers who have CMS, as shown by a roughly
50% increase of AHI and ODI and more important
nocturnal oxygen desaturation in comparison with
healthy high-altitude dwellers. SDB in Andean patients
with CMS in the present study was comparable to the
one observed in lowlanders acutely exposed to high-
altitude27,42 and Han Chinese and Tibetan patients with
CMS studied in Lhasa (3,658 m).43 Interestingly, in
young Andean high-altitude dwellers with excessive
erythrocytosis (an early stage of CMS), AHI was
reported to be roughly 4 times higher than in healthy
control subjects,20 highlighting the possibility that SDB
may play an etiologic role in the development of CMS.
The positive relationship, in the present study, between
hemoglobin and AHI, and its inverse relationship with
nocturnal SaO2, are consistent with this hypothesis.
Alternatively, obesity could contribute to SDB and CMS.
In the present study, BMI was higher in patients than in
control subjects, and obesity is frequently associated
with SDB.44 In line with this speculation, in a large
population-based study of Peruvian high-altitude
dwellers, among a series of clinical markers contributing
to excessive erythrocytosis, the greatest attributable
fraction was for being overweight.1

Desaturation-reoxygenation sequences are a typical
pattern associated with SDB and have been suggested to
increase sympathetic outflow11,45 and oxidative
stress.46-48 Excess free radicals may cause cell membrane
damage and vascular endothelial dysfunction and
promote arteriosclerosis,7,18 thereby contributing to
pulmonary and systemic vascular dysfunction.6,7,18 The
positive relationship between AHI and systemic and
pulmonary arterial pressure is consistent with this
996 Original Research
hypothesis and highlights the potential of SDB to
increase cardiovascular risk in high-altitude dwellers.

At low altitude, a PFO is associated with more severe
nocturnal oxygen desaturation49 and pulmonary
hypertension50 in patients with SDB, but no such
information exists in high-altitude dwellers. We found
that a PFO was associated with more severe SDB and
exaggerated pulmonary hypertension. The latter finding
is consistent with a previous report24 demonstrating that
in high-altitude dwellers, a PFO facilitates exercise-
induced pulmonary vasoconstriction and right
ventricular dysfunction and could be consistent with
the hypothesis that SDB may represent an additional
mechanism contributing to pulmonary and right
ventricular remodeling and dysfunction in high-altitude
dwellers with a PFO.24

The mechanism leading to disordered breathing in high-
altitude dwellers is not clear. High-altitude hypoxemia-
induced stimulation of ventilation results in hypocapnia,
which, if it decreases below a certain level (apnea
threshold), will lead to apnea.41,51 In patients with CMS,
the apnea threshold was reported to be higher compared
with healthy high-altitude natives, making the patients
more likely to reach this threshold.52 This may account,
at least in part, for the difference in SDB we found
between patients with CMS and control subjects. In line
with this hypothesis, we found that added dead space
improved SDB and nocturnal oxygen saturation in
patients with CMS. This result is in accordance with
(1) findings in healthy subjects demonstrating that
administration of CO2 (yielding an increase in PaCO2
of 1-2 mm Hg) at constant SaO2 stabilizes nocturnal
breathing and eliminates hypoxia-induced SDB during
hypobaric hypoxia,53 and (2) data in mountaineers
with severe SDB at high altitude showing marked
improvement with a 500-mL increase in dead space
through a fitted face mask.27,42 Alternatively, added dead
[ 1 4 9 # 4 CHES T A P R I L 2 0 1 6 ]



space may stabilize breathing by dampening the
hypocarbia during postarousal hyperventilation.42

Finally, increasing CO2 reserve by acetazolamide
administration to patients with CMS also increases
ventilation and oxygenation during sleep.54 Taken
together, these data are consistent with the hypothesis
that the positive effects of added dead space on
nocturnal ventilation are mediated by CO2.

Conclusions
We found that SDB and nocturnal oxygen desaturation
are more severe in high-altitude dwellers with CMS than
in healthy high-altitude dwellers. Most importantly,
journal.publications.chestnet.org
alterations in nocturnal breathing and oxygenation were
associated with systemic and pulmonary vascular
dysfunction. In the presence of a PFO, SDB and
cardiovascular alterations were even more pronounced.
This suggests, by analogy to recent observations in
patients with sleep apnea syndrome at low altitude,55,56

that PFO closure may improve systemic and pulmonary
vascular function and SDB in patients with CMS.
Finally, increasing the respiratory dead space improved
SDB in patients with CMS. We speculate that in patients
with CMS, manipulation of nocturnal CO2 may not only
improve SDB but also have favorable effects on the
cardiovascular phenotype.
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