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PULMONARY HYPERTENSION
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Background: Chronic mountain sickness (CMS) is an important public health problem and is char-
acterized by exaggerated hypoxemia, erythrocytosis, and pulmonary hypertension. While pulmo-
nary hypertension is a leading cause of morbidity and mortality in patients with CMS, it is relatively
mild and its underlying mechanisms are not known. We speculated that during mild exercise associ-
ated with daily activities, pulmonary hypertension in CMS is much more pronounced.

Methods: We estimated pulmonary artery pressure by using echocardiography at rest and during
mild bicycle exercise at 50 W in 30 male patients with CMS and 32 age-matched, healthy control
subjects who were born and living at an altitude of 3,600 m.

Results: The modest, albeit significant difference of the systolic right-ventricular-to-right-atrial
pressure gradient between patients with CMS and controls at rest (30.3 £ 8.0 vs 25.4 = 4.5 mm Hg,
P =.002) became more than three times larger during mild bicycle exercise (56.4*=19.0 vs
39.8 £8.0 mm Hg, P < .001).

Conclusions: Measurements of pulmonary artery pressure at rest greatly underestimate pulmo-
nary artery pressure during daily activity in patients with CMS. The marked pulmonary hyperten-
sion during mild exercise associated with daily activity may explain why this problem is a leading
cause of morbidity and mortality in patients with CMS. CHEST 2010; 137(2):388-392

Abbreviations: CMS = chronic mountain sickness; DLCO = carbon monoxide diffusion capacity; VA = alveolar volume

hronic mountain sickness (CMS) is an important

public health problem characterized by exagger-
ated hypoxemia, erythrocytosis, and pulmonary hyper-
tension. Pulmonary hypertension in CMS is relatively
mild.!2 It is, however, a leading cause of morbidity and
mortality, and its underlying mechanisms are not
known 34
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Exercise is known to increase pulmonary artery
pressure.>® The exercise-induced increase in pulmo-
nary artery pressure is exaggerated by preexisting
pulmonary hypertension.” Moreover, hypoxemia,
which is universally associated with high-altitude
exposure, is also known to increase exercise-induced
pulmonary hypertension.® We speculated that light-
to-moderate exercise associated with daily activities
induces a much larger increase in pulmonary artery
pressure in patients with CMS than in control
subjects.
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To test this hypothesis, we estimated pulmonary
artery pressure by using echocardiography at rest and
during mild, semisupine bicycle exercise in patients
with CMS and normal control subjects who were all
born and permanently living at an altitude of 3,600
to 4,000 m. To discriminate between anatomic and
functional defects, we measured the carbon monox-
ide diffusion capacity (DLCO) (a proxy of the extent
of the pulmonary microcirculation) and we tested the
effects of nitric oxide inhalation on pulmonary artery
pressure in the two groups.

MATERIALS AND METHODS

Thirty male Bolivian patients with primary CMS (mean * SD
age, 47 = 13 years) and 32 healthy, age-matched control subjects
(mean * SD age, 46 * 11 years, P =.71) who were born and had
been permanently living in the city of La Paz or its surroundings
(altitude 3,600-4,000 m) were included in the study (Table 1). All
patients and control subjects had typical Aymara surnames, self-
identified themselves as Aymaras, and had similar socio-economic
backgrounds.

All patients were initially referred to the Instituto Boliviano
de Biologia de Altura with clinical symptoms of CMS. Inclusion
criteria for CMS patients were excessive erythrocytosis with
hemoglobin concentrations >20 g/dL, normal pulmonary function
studies, and no history of working in the mining industry. None of
the subjects was a smoker or taking any medications. A complete
clinical exam was performed, and the CMS score was determined.?
For each of the seven items (breathlessness/palpitations, sleep
disturbance, cyanosis, dilation of veins, paresthesias, headache,
tinnitus) a score between 0 and 3 was attributed, with 0 indicating
the absence of the symptom; 1, mild symptoms; 2, moderate
symptoms; and 3, severe, incapacitating symptoms.

The institutional review boards on human investigation of the
University of San Andres in Bolivia and of the University of
Lausanne in Switzerland approved the experimental protocol, and
all subjects provided written informed consent. All studies were
performed at the Instituto Boliviano de Biologia de Altura in
La Paz (altitude 3,600 m).

Doppler Echocardiography

Transthoracic Doppler echocardiography was performed in all
subjects to rule out structural heart disease. Echocardiographic
recordings were obtained with a real-time, phased-array sector

Table 1—Patient Characteristics

Characteristics Patients With CMS ~ Control Subjects P Value
No. 30 32

Age,y 4713 #6+11  P=71
Hb, g/dL 215*1.7 16.6 £0.9 P<.001
Hematocrit, % 66 +7 50+3 P <.001
CMS score 11.9+3.7 0.6+0.6 P<.001
Sao,, % 83+5 92+ 2 P<.001
Height, cm 168+ 11 168 +7 P=.97
Weight, kg 79+11 80+ 14 P=.96
DL/VA, mL CO/ 6.6*1.1 6.3*+1.0 P=.52

min/mm Hg/L

CMS = chronic mountain sickness; DL = diffusion capacity; Hb=
hemoglobin; Sao, = arterial oxygen saturation; VA = alveolar volume.
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scanner (Siemens Acuson Cypress; Siemens; Mountain View, CA)
with an integrated color Doppler system and two different trans-
ducers containing crystal sets for two-dimensional imaging (3.6
and 6.0 MHz) and for continuous-wave Doppler recording (2.15
and 3.6 MHz). To estimate systolic pulmonary artery pressure, we
measured the peak systolic transtricuspidal jet velocity and calcu-
lated the right-ventricular-to-right-atrial pressure gradient, as
previously described.’® This method has the best reproducibility
of all noninvasive measurement methods.! It has been validated
against invasive measurements at high altitude! and is widely
accepted for use during exercise testing,>6512 In two subjects (one
patient, one control), the systolic right-ventricular-to-right-atrial
pressure gradient could not be measured.

The recordings were stored on MO-discs and S-VHS video-
tapes for off-line analysis by three of us (T.S., Y.A., C.S.S.) who
were unaware of the patient’s group assignment. All reported val-
ues represent the mean of at least three measurements.

Cardiac output was determined by measuring the diameter
of the left ventricular outflow tract and its time-velocity integral.
The left ventricular outflow tract diameter was measured in
the parasternal long axis view, and assuming the cross-sectional
area to be a circle, its surface was calculated. The pulsed-wave
Doppler time-velocity integral in the left ventricular outflow
tract was measured from the apical five-chamber view. The
stroke volume was calculated by multiplying the left ventricular
outflow tract time velocity integral by the cross-sectional area.
Cardiac output was then obtained by multiplying the stroke vol-
ume by the heart rate.’ The intraobserver and interobserver
variability for the systolic right-ventricular-to-right-atrial pres-
sure gradient estimations were 1.5+ 1.2 mm Hg and 1.6+
2.2 mm Hg, respectively (n=30), and for the cardiac output
measurements, 10.7% *=10.2% and 7.2% * 4%, respectively
(n=30). The right-ventricular-to-right-atrial pressure gradient
divided by the cardiac output was used as a proxy of pulmonary
vascular resistance.

Exercise Test

The exercise test was performed on a bicycle ergometer
(Ergoline 900EL; Ergoline Company; Bitz, Germany) in the
semisupine position with a 30° rotation to the left. Pulmonary
artery pressure was estimated using measurements of peak Sys-
tolic transtricuspidal jet velocity at rest and during mild exercise
at 50 W. During exercise, at least one technically acceptable
measurement of pulmonary artery pressure was obtained in
65% of subjects, with valuable baseline measurements. In the
remaining subjects, body and diaphragmatic movements made it
impossible to locate the transtricuspidal regurgitation jet during
exercise.

Pulmonary Function and Drco

To examine whether pulmonary hypertension in patients with
CMS was related to a reduced size of the pulmonary microcircula-
tion, we assessed DLCO and lung function (Sensor-Medics 2200
Pulmonary Function System SP; Sensor-Medics; Bilthoven, The
Netherlands). In the presence of a normal pulmonary function, the
DLco is a good indicator of pulmonary blood flow and, in turn, lung
capillarization."* DLCO was measured with the single-breath tech-
nique following American Thoracic Society recommendations.!s
Adjustments for altitude, hemoglobin concentration, and age of the
subjects were made according to these recommendations. To adjust
for hemoglobin, the following equation was used: Hb-adjusted
DLco = observed DLco (10.22 + Hb)/1.7 Hb). To adjust for
altitude, the following equation was used: altitude-adjusted
Dr.co = measured Drco X (1.0 +0.0035 [Pao, — 120].To correct
for lung volume, the DLcO was divided by the alveolar volume (VA)
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determined during the lung function measurements and expressed
as DI/VA (mL CO/min/mm Hg/L).

Nitric Oxide Inhalation

To examine whether pulmonary hypertension was reversible,
we assessed the effects of nitric oxide inhalation on pulmonary
artery pressure. Subjects breathed for 20 min through a facemask
that was connected to a nonrebreathing circuit consisting of a gas
delivery system with a 50-L reservoir bag containing 40 ppm of
nitric oxide.

Oxygen Saturation

Transcutaneous arterial oxygen saturation and heart rate were
measured at a fingertip with a pulse oxymeter (OxiMaxN-595’
Nellcor; Pleasanton, CA).

Statistical Analysis

All statistical analyses were done with Statview 4.5 (Abacus
Concepts Inc.; Piscataway, NY) and SAS 9.1 for Windows (SAS
Institute; Cary, NC). Patient characteristics were compared using
analysis of variance factorial analysis or the x2 test for categorical
data. The Fisher post hoc least significant difference test was used
for post hoc analysis of mean differences between the groups.
Data are presented as mean * SD. A P value <.05 was considered
to indicate statistical significance.

RESULTS

The characteristics of patients and controls are shown
in Table 1. By definition, hemoglobin and hematocrit
levels were higher in patients than in control subjects.
As expected, CMS scores were higher and arterial
oxygen saturation was lower in patients with CMS than
in control subjects (Table 1). Pulmonary function was
normal in all subjects, and DL/VA was comparable in
patients with CMS and control subjects.

At rest, the right-ventricular-to-right-atrial pressure
gradient was slightly, but significantly, higher in
patients with CMS than in control subjects (30.3 = 8.0 vs
25.4+4.5 mm Hg, P=.002) (Fig 1A). Heart rate (70 =9
vs 609 beats/min, P<<.001) was faster in patients,
whereas cardiac output (4.2+0.9 vs 4.1%0.9 L/min,

Rest 50 Watts
1
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80: P =0.002 4 P<0.001
Systolic RV-RA .
pressure gradient 60 oo
(mmHg) . 030 Ro
£ Sog
4 . 1 o 0 ::.
00%0 o 96600
2 0% A j
Controls chs Controls cms

FIGURE 1. Systolic right-ventricular-to-right-atrial pressure gradi-
ent at rest (A) and during mild bicycle exercise at 50 W (B) in
patients with CMS and control subjects at an altitude of 3,600 m.
CMS = chronic mountain sickness; RV-RA = right-ventricle-to-
right-atrial.
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P =.60) and estimated pulmonary vascular resistance
(7.2£23 vs 6.4+ 1.7 mm Hg/(I/min), P =.20) were
similar in the two groups.

During light bicycle exercise at 50 W, the increase
in the pressure gradient was almost twice as large in
patients than in control subjects (+25.1£15.7 vs
+13.8£5.1 mm Hg, P=.01). Thus, during mild exer-
cise, pulmonary artery pressure was much higher in
patients with CMS than in control subjects (56.4 =
19.0 vs 39.8 £8.0 mm Hg, P < .001) (Fig 1B), and the
pressure gradient difference between the two groups
was more than three times greater than at rest (16.6
vs 4.9 mm Hg). During exercise, the arterial oxygen
saturation decreased significantly (P <<.001) in both
groups (from 83% % 5% to 79% * 8% in patients, and
from 92% * 2% to 90% * 2% in control subjects), but
the exercise-induced decrease tended to be greater in
patients than in control subjects (4.4% *=3.5% vs
2.6% *1.3%, P=.07). The heart rate was similar in
the two groups (99 = 9 vs 99 = 19 beats/min, P = .88).

During nitric oxide inhalation, pulmonary artery
pressure decreased significantly and comparably in
the two groups (by 6.2*+4.5 and 4.9 2.5 mm Hg,
patients vs control subjects, P=.31), but remained
significantly higher in patients than in control sub-
jects (25.1+ 3.4 vs 20.2 + 2.8 mm Hg, P<.001),

Di1scuUssIioN

These data represent the first direct comparisons
of echocardiographic estimations of pulmonary artery
pressure at rest and during mild exercise between
Andean high-altitude dwellers with CMS and healthy
control subjects born and living at the same altitude.
At rest, pulmonary artery pressure was slightly, albeit
significantly, higher in the patients with CMS than in
the control subjects. During mild exercise similar to
that expected to be associated with daily activities,
this difference in pulmonary artery pressure between
the two groups was more than three times larger than
expected. Structural vascular defects appeared to
contribute to exaggerated pulmonary hypertension in
patients with CMS. These findings indicate that in
patients with CMS, measurements at rest greatly
underestimate pulmonary artery pressure during
daily activity, and they may explain the clinical obser-
vation that right ventricular failure is a leading cause
of morbidity and mortality in these patients.>*

The present echocardiographic estimations of pul-
monary artery pressure at rest in the control sub-
jects were comparable to those recently reported in
a roughly 10-years-younger population with similar
ethnic and socioeconomic backgrounds living at the
same altitude.'® In the patients with CMS, the present
estimations were slightly lower than those recently
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reported by Maignan et al.! The somewhat higher
values in the latter report were probably due to the
higher study altitude (4,300 m). Earlier uncontrolled
studies using invasive measurements in small groups
of patients with CMS reported mean pulmonary
artery pressure values at rest ranging from 27 to
42 mm Hg .27 The relative wide range of these invasive
pressure values might be related to differences in
study altitude (3,600-4,340 m) and, in turn, more severe
hypoxemia, or duration of stay at high altitude and
patient selection, since secondary forms of CMS were
not excluded. In the present study, we were careful
to exclude all secondary forms of CMS, to include
only patients who were born at high altitude, and to
compare them with control subjects with the same
ethnic and socio-economic high-altitude backgrounds.
Differences in patient selection, socio-economic status,
concomitant disease, and study altitude (4,340 m),
resulting in much more severe exercise-induced
hypoxemia (arterial oxygen percent saturation, 61%),
may also explain the difference between the present
findings during exercise and those of Pefaloza and
Sime,2 who were the first to measure invasively the
hemodynamic response to exercise in six patients
with CMS and reported an increase of the mean
pulmonary artery pressure from 37 mm Hg at rest to
82 mm Hg during mild exercise. Since cardiac output
also increased during exercise, the authors attributed
this dramatic increase in pulmonary artery pressure
to increased pulmonary vascular resistance related to
vascular remodeling.

While echocardiography did not allow us to mea-
sure pulmonary vascular resistance during exercise,
our data at rest are consistent with the concept that
vascular remodeling of the pulmonary circulation
contributes to pulmonary hypertension in patients
with CMS. The present data indicate that pulmonary
hypertension in patients with CMS was not related to
a difference in the extent of the pulmonary micro-
circulation, since the DLCO was comparable in patients
and control subjects. The observation that during
nitric oxide inhalation, pulmonary artery pressure
decreased similarly in the two groups indicates that
the physiologic role of nitric oxide is intact in patients
with CMS. Importantly, however, pulmonary artery
pressure during nitric oxide inhalation remained sig-
nificantly higher in patients than in control subjects.
This finding suggests that a structural defect, possibly
related to remodeling of the pulmonary vascular wall,
contributes to pulmonary hypertension in patients
with CMS.8 In line with this hypothesis, after a descent
to low altitude, pulmonary artery pressure takes several
years to normalize in patients with CMS.2 The mech-
anism causing this structural defect is not known.
CMS, as in the present studies, is characterized by
exaggerated hypoxemia, possibly related to a blunted
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hypoxic ventilatory response?#* or to some unknown
mechanism. Chronic hypoxia is well known to cause
pulmonary vascular remodeling,'® and may represent
a candidate mechanism.

In conclusion, we found that in patients with CMS
estimations of pulmonary artery pressure at rest greatly
underestimate pulmonary artery pressure during mild
exercise, as expected to be associated with daily activi-
ties. A structural vascular defect of the pulmonary
vasculature, possibly related to exaggerated chronic
hypoxemia, appears to contribute to this exaggerated
exercise-induced response. We speculate that exag-
gerated pulmonary hypertension during daily activity
explains why this problem is a leading cause of mor-
bidity and mortality in patients with CMS.
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